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PREFACE 


In this revision, as in former editions, a limited number of 
physical principles have been presented, in a way to encourage 
students to form clear and distinct physical concepts and to 
di,s(!ourage the habit of being content with verbal knowledge, 
'^riie (central aim has been to introduce students to physics as 
a way of thinking that is largely characteristic of our daily lives 
and to develop in them a capacity for seeing relations between 
physi(‘al phenomena and for applying universal physical priii- 
ciph^s. Throughout the book the attempt has been to lay a 
basis for correct scientific thinking rather than to stress the 
ac(nuuulation of facts or to trace the historical development 
of the subject. 

Tlie training and habits of thought of students interested in a 
survey of physics and its applications have been kept clearly in 
mind. Topics that closely touch our daily lives have been chosen 
and the use of mathematical methods has been reduced to a 
minimum. A large number of applications of physics to engineer- 
ing, agriculture, biology, and everyday life have been included 
in order to stimulate students to recognize the universality of 
physical principles and to find in them an explanation of daily 
experiences and .observations. To encourage accuracy and 
concreteness of thinking, many solved examples have been 
introduced. 

The practice of printing illustrative material and minor topics 
in fine print to differentiate them from fundamental concepts 
and principles has been continued. It is still hoped that this 
illustrative material makes the fundamental ideas, laws, and 
I)rinciples more concrete and intimate. Ordinarily it should 
not be necessary to discuss these illustrations either in the lecture 
or in the classroom. Students should be able to get their sig- 
nificance without the aid of the instructor. 

This revision offers an opportunity to make a number of 
changes and additions that have been suggested as desirable by 
users of the book. Increased emphasis has been placed on the 
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importance of physics in the other sciences and in the industry's. 
Many new figures and illustrations have been add('d in onh'r to 
make the subject matter as vivid and as interesting as possiljh'. 
The lists of problems have been thoroughly revised and 
rearranged. Many new problems have been added to replace 
others which seemed less desirable. Some important, changes in 
the order of presentation have been made wlu're classroom experi- 
ence has suggested that such changes would fa.eilita,te the u.se of 
the book. Definitions of some important physical (juantities and 
derivations requiring the methods of the ealeulus hav(' bi'en 
included in two additional appendie(!s. Wlu're stiuh'iits have ;i, 
knowledge of the calculus, the.se definitions and d('rivafions are 
to be preferred over those in the body of th(' text. Ib'cenl 
advances in physics have mad(i it n(!e('s.sary to I'ewi'ite some of t he 
paragraphs relating to modern physics and to inf roduee a .separate 
chapter on nuclear physics. A chapter on ast rophysics has also 
been added to give students an impr{\ssion of the applications 
of physics in modern astronomy. This chapt(‘r l('nds to (‘xti'iul 
and unify the subject of physics. When'vc'r possible t lu' nu'thods 
and points of view of modern phy.sies ha\'e b('('n followed. 

Again the author gratefully aeknowh'dges his indc'bfedness to 
those who have made helpful suggestions and erifieisms for t ta^ 
improvement of this book. Especial r(d’erenc('. must be made to 
Professor G. E. Grantham of Cornell IIniv('rsit,y, to Professor 
L. K. Ingersoll of the University of Wise,onsin, and to two of t lu' 
author’s colleagues, Dr. Alya W. Smith and Dr. Harold P. Kmuiss, 
The author is also greatly indebted to those who hav(i g('n('rously 
supplied material for illustrations. 

As in the past, corrections and- criticisms from thos(' who use 
the book will be welcomed. 

Auninirs W. Smi'i'ii. 

MENDBNHALt LABORATORY OB PhY.SK'S, 

The Ohio State University, 
ripnZ, 1938. 
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THE ELEMENTS OF PHYSICS 


INTRODUCTION 

1. Subject Matter of Physics. — Physics is a broad science 

having wide applications to most aspects of modern life. It is a 
study about familiar things and an attempt to find satisfactory 
explanations for them. Its object is to determine exact relations 
between physical phenomena so that the sequence of physical 
phenomena can be clearly understood and definitely predicted. 
Physics deals primarily with phenomena which can be accurately 
described in terms of matter and energy. Hence, the basic con- 
cepts in all physical phenomena are life concepts of matter and 
energy. It therefore becomes of firsj; importance in physics to 
determine accurately the characteristics of both matter and 
energy, the laws which ‘govern th kfiransformations, and the 
fundamental relations which exist reen them. In order then 
to proceed with a discussion of ;er and energy, it is first 

necessary to formulate a working ifinition of each of these 
concepts. Later it will be possible ^arrive at a more adequate 
understanding of each of these entities, but for the present 
preliminary definitions are necessary. 

2. Matter. — Many definitions of matter have been given from 
time to time, but the following will serve our present purposes. 
Matter is that which can occupy space. This definition does not 
undertake to state what matter really is. It only indicates the 
most obvious characteristic of matter — the fact that it occupies 
space. Whatever the ultimate nature and structure of matter, 
it is obvious to the most casual observer that it has a certain 
constancy and permanence which makes it a useful entity in 
terms of which to analyze physical phenomena. Its more 
important characteristics do not change from time to time. It 
thus affords a basic unit in terms of which to make descriptions 
of physical phenomena. 

3. Conservation of Matter. — Many careful experiments have 
shown that the quantity of matter existing at the end of a 

1 
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chemical or physical change is exactly the same as the quantity 
of matter at the beginning of the experiment. Matter may be 
changed from one state to another or it may combine with other 
forms of matter, but in the end the total amount of matter is 
unchanged. Such experiments have led to one of the very 
important laws in physics— the law of conservation of matter. 
The principle of the conservation of matter states that matter 
may be altered in form but it can never be created or destroyed. 
The amount of matter in the universe remains completely 
unchanged. 

4. Energy. — When matter is in motion, it has a new set of 
properties differing from those which it manifests when it is at 
rest. For example, water in falling over a waterfall acquires new 
properties. It can now be made to drive a water wheel and do 
useful work. We now say that the water has acquired energy of 
motion instead of its former energy of position. A stretc^hed 
spring differs greatly in its behavior from an unstretched on(\ 
When the restraining forces are released, it is capable of 'doing 
work. We say that the stretched spring has energy. From this 
point of view energy may|J|||kdefined as the capacity for doing 
work. It manifests itsel^fli many forms. Its fundamental 
characteristics are of supreme importance in understanding 
physical phenomena. 

6. Systems of Units. — In order to proceed with the study of 
the characteristics of matter and energy and to describe>,.physical 
phenomena accurately in terms of them, it is necessary to hav('. 
an agreement with respect to the units in terms of which measurc^- 
ments are to be made. Many different kinds of magnitudes arc 
involved in the different branches of physics. Some of thevS<^ 
magnitudes, like lengthj timCj mcisSj and speed, arc^ familiar. 
Others, like power, electric current, and magnetic pole, are unfamil- 
iar. In all cases, however, it is necessary to set up (umventional 
definitions for the units which are employed in measuring (’tveu’y 
quantity used in describing physical phenomena. 

Some of these measurements are fundamental and s(‘(mi 
to refer to concepts which cannot be further analyz(‘d. There 
are three of these basic concepts; timC) space, and mass. 
Because these quantities are regarded as fundamental magni- 
tudes, the units used to measure them are called fundamental 
units. Hence, all units of time, space, and mass arc known as 
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fundamental units. There are other magnitudes which can 
not be thought of without connecting them with two or more of 
these fundamental units, or with one of these fundamental units 
more than once. For example, the speed of an automobile 
cannot be described ‘without considering both the space and the 
time, that is, the space per unit of time. As another example 
of such a unit, consider an area or--.a.~xnIuin^^ any unit of 
area a unit of length is used twice, and in a umTof volume the 
unit of length is used three times. In this way, an area is 
expressed in square feet and a volume in cubic feet. Units of 
this kind which involve more than one fundamental unit, or 
one fundamental unit more than once, are called derived units. 
Units of speed, units of volume, units of area, units of accelera- 
tion, etc., are derived units. 

The two systems of units commonly employed are the decimal 
metric system devised by the French and the more familiar 
English system. (See Appendix B, p. 749.) 

6. Units of Length. — The unit of length in the metric system is 

taken as the centimeter, which is J'foo part of the standard 
meter. The standard meter is as the distance at the 

temperature of melting ice beti(|||P[ two marks on a certain 
platinum-iridium bar which is kept at the International Bureau of 
Weights and Measures, near Paris. Two copies of this meter are 
kept at the U. S. Bureau of Standards at Washington. It is a 
familiar fact that a bar of metal changes in length when heated 
or cooled. In order then to have this unit of length accurate, it 
is necessary to keep the bar at a fixed temperature. 

The unit of length employed by the English-speaking people 
for ordinary purposes is the yard. By an act of Congress the 
yard is defined as 3,600/3,937 m. Hence, 

1 m. = 39.37 in. 

1 in. = 2.54 cm. 

7. Units of Mass. — The unit of mass in the metric system is 
called the gram. It is the 1/1,000 part of a kilogram, which is 
the mass of a metal cylinder kept at the International Bureau of 
Weights and Measures, near Paris. Two copies of this standard 
are kept at the U. S. Bureau of Standards at Washington. 

It was the original intention of those who chose this standard 
that 1 g. should be the mass of 1 c.c. of water at 4°C. More 
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exact determinations have shown that this relation is not strictly 
true. The error, however, is so small that it may be neglected 
for all practical purposes. 

Among the English-speaking peoples the pound is ordinarily 
used as the unit of mass. The pound is defined as the mass of 
a certain piece of platinum in the possession of the British Gov- 
ernment. By act of Congress, the kilogram was declared to be 
equivalent to 2.2 lb. Hence, the relation between these units 
of mass is as follows: 

1 kg. -- 2.2 lb. 

1 lb. = 453.6 g. 

8. Units of Time. — For most scientific purposes the second 
is chosen as the unit of time. It is defined as the 1/86,400 part 
of the mean solar day. The mean solar day, as used here, means 
the average interval throughout the year between succtessive 
passages of the sun across the meridian. The minute, which is 
equivalent to 60 sec., and the hour, which is equal to 60 min., 
are also used as units of time. 

9. Units of Volume. — In the English system of units, different 
units of volume are used, f^j^xample, the gallon, the cubic foot, 
and the cubic yard. In the metric system, the familiar units of 
volume are the cubic centimeter, the cubic meter, and the liter. 

The liter is defined as the volume of 1 kg. of pure water at its 
maximum density (4'^C.). 

10. Density. — The mass per unit volume is called the density 
of a body. In the English system of units, densities are usually 
expressed in pounds per cubic foot. In the metric system, 
densities are measured in grams per cubic centimeter (see Table 
of Densities, page 766). 

Let V — the volume of a body. 

M = the mass of the body. 
d = the density. 

Then 



Example.— A quantity of mercury has a mass of 136.5 g. It has a voIiuih^ 
of 10 c.c. What is its density? 

-p, •, mass 136.5 g. ^ 

Density = = -joTeT centimeter. 
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Problems 

1 . The altitude of a certain town is given as 340 m. above sea level; what 
is the altitude expressed in feet? 

2 . Calculate the number of square centimeters in 1 sq. ft.; given that 
2.54 cm. is the length of 1 in. 

3 . A machine part is made with an error no greater than 4/10,000 in. in 
its largest dimension. Express the allowed error in centimeters. 

4. The standard meter was selected originally as 1/10,000,000 of the 
distance along the earth’s surface from the pole to the equator. On this 
basis, find the distance from the surface of the earth to the center. 

6. A flow of oil in a pipe line is maintained at the rate of 7.5 ft. per second; 
how far would the oil travel in 1 day at that rate? 

6. Assuming an average density of 1 g. per cubic centimeter for the human 
body, find the volume occupied by a person weighing 70 kg. 

7 . A liter of air under ordinary conditions wei^ about 1.3 g. Find the 
approximate weight of 1 cu. ft. of air. 

8. The cubic contents of 1 gal. is 231 cu. in.; find how many cubic centi- 
meters are the equivalent of 1 gal. 

9 . Solid carbon dioxide has a density of 1.53 g. per cubic centimeter. 
How much volume would be occupied by 5 c.c., after evaporation to gas with 
a density of 0.00019 g. per cubic centimeter? 

10 . A piece of brass with a density of S.^^er cubic centimeter is heated 
until its volume has increased 0.5 per clut. What is the density after 
heating? 

11 . A tank of water is cubical in shape and measures 4 ft. 7^ hi- each 
way. Calculate the volume in cubic feet and in gallons, and express the 
weight of the water in pounds. In metric units the above tank measures 
1.41 m.; find the volume in cubic meters and in liters, and the weight of 
water in kilograms. 

12 . Bronze is an alloy consisting of 10 parts copper to 1 part of tin by 
weight. The densities of copper and tin are 8.9 and 7.3 g. per cubic centi- 
meter respectively. What is the density of the bronze? Assume volumes 
are additive. 
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CHAPTER I 

MOTIONS OF TRANSLATION 

11. Uniform Motions. — There are many examples of bodies 
moving from one place to another. A stone lifted by a crane 
moves directly upwaj^; an automobile in a race follows the track; 
an airplane flies from one city to another. Such motions may 
be studied by observing the time and the distance the body has 
moved. If the body moves over equal distances in the same time, 
the motion is said to be uniform. Hence when an automobile 
covers, without variation, a distance of 40 fV per second its 
motion is^-aoiform, of when"' a flywheel continuously makes lo 
revdlutionk per minute its motion is uniform. 

12. Types of Motion. — The motions of bodies may l)e divided 
into three classes: (1) translation, (2) rotation, (3) vibration or 
oscillation. A body is said to have a motion of translation 
when it moves on continuously in the same direction. A ball 
thrown from the hand and an automobile running on !i straight 
road are illustrations of motions of translation. If a body 
instead of traveling forward turns on a fixed axis, it has a motion 
of rotation. Thus the flywheel of a stationary engine turns 
continuously around its axis without ever moving forward. 
Any point on the wheel returns again and again to its original 
position. This is a motion of rotation. The drive whecds of a. 
locomotive are moving forward and are at the same time I'otating. 
They, therefore, have two motions, one of rotation and th(' 
other of translation. Some bodies reverse their motions from 
time to time and return at regular intervals to their original 
positions. Such bodies are said to have a motion of vibration or 
oscillation. The pendulum of an ordinary clock swings back 
and forth at regular intervals, so that the same motion is repeated 
again and again. The bob of the pendulum has a motion of 
vibration. 
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13. Speed. — The speed of a body is defined to be the rate 
at which the body is passing through space or the space passed 
over in unit time. It is determined by dividing the space over 
which a body has passed by the time required to pass over that 
space. 

o 1 distance 

fepeed = space per unit time = - - - — 

Example. — A train which is moving at a uniform rate passes over 75 miles 
in 3 hr. What is its speed? 

„ 3 distance 75 miles 

bpeed 7 . — = 25 miles per hour. 

time 3 hr. 

14. Constant and Variable Speeds. — The speed of a body is 

constant or uniform when the body passes over equal distances 
in equal intervals of time. A body has a variable speed when 
it passes over unequal distances in equal intervals of time, 
AVhere the speed of a body changes from time to time, it is con- 
venient to consider what is known as the average speed. The 
average speed is that constant speed which would cause the 
body to move from one point to another in the same time which 
is required when the speed is variable. Thus, the average speed 
of a train which runs 60 miles in 2 hr. is 60 2 = 30 miles per 

hour. - This means that the train would travel this same distance 
in 2 hr. if it had a constant speed of 30 miles per hour instead 
of the variable speed with which it actually travels. In case 
the speed changes uniformly, the average speed over any interval 
of time can be found by taking the speed at the beginning and 
at the end of the time, adding them,^^ether and dividing the 
sum by 2. This gives the speed mth which the body on the 
average has been moving. Part of the time it has moved with a 
speed greater than the average speed, and the remainder of the 
time it has moved with a speed less than the average speed. The 
distance covered is the same as if the body had moved vdth a 
speed equal to the average speed. 

Example. — At the beginning of a certain time the speed of a body is 30 ft, 
per second. The speed changes uniformly for 5 min. and is then 80 ft. per 
second. What is the average speed over this time? 

^ , initial speed + final speed 

Average speed — 

30 ft. per second + 80 ft. per second , 

^ == 5o ft,, per second. 
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15. Speed as a Scalar Quantity. — The speed of a body is com- 
pletely known when its magnitude is given. There are many 
other quantities, for example, mass, time, etc., which have 
magnitude only. Such quantities are called scalar quantities. 
A scalar quantity is a quantity which has magnitude only. Such 
quantities obey the ordinary laws of addition and subtraction. 
A block weighs 8 lb. A piece weighing 3 lb. is sawed off. The 
remainder weighs 5 lb. A body has a speed of 4 miles per hour. 
Later it has a speed of 6 miles per hour. The change in speed 
has been 2 miles per hour. 

16. Velocity. — The distinction between speed and velocity 
arises out of the fact that in defining the speed of a body no 
reference is made to the direction in which the body is moving. 
The term velocity differs from the term speed for the reason that 
in stating the velocity of a body, the direction of motion must 
also be specified. The magnitude of the velocity is the same as 
the numerical value of the speed. The velocity of a body is 
changed either by changing the numerical value of the speed or 
by changing the direction of motion. A body which is moving 
in a circular path with uniform speed, continually changes its 
direction. Its velocity is, therefore, variable. The magnitude 
of the velocity is 

Space per unit time (Appendix D-l) 

17. Velocity as a Vector Quantity. — Velocity which has a 
directional quality in addition to its magnitude is known as a 
vector quantity in contrast to speed which is a scalar quantity. 
In order to describe a vector quantity completely, it is necessary 
to give its direction as well as its magnitude. Displacement is 
a vector quantity. If an object is moved 10 m. from its original 
position, it may be anywhere on a circle with a radius of 10 m. . 
whose center is at the original position of the object. When 
the object is moved 10 m. east, its new position is clearly specified. 

If it is stated that an automobile is running 30 miles per hour, 
the information is not sufficient to locate the machine. In 
addition to stating the speed of the machine, it is necessary to 
give the direction in which the machine is moving and the point 
from which it starts. Directed speed called velocity, is, there- 
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fore, a vector quantity. Any quantity which possesses both 
magnitude and direction is a vector quantity, 

18. Addition of Velocities. — Suppose a railroad train is running east at 
10 miles per hour and that a man walks forward on the train at the rate of 
4 miles per hour. The man has a forward velocity due to the motion of the 
train and also a forward motion due to his walking. His forward velocity 
with respect to the earth is the sum of these two velocities or 14 miles per 
hour. Now suppose that he walks backward on the train at the rate of 
4 miles per hour. Again he has two velocities, 10 miles per hour forward 
and 4 miles per hour backward. His 
. net velocity with respect to the earth is 
the difference between his forward and 
his backward velocity or 6 miles per 
hour forward. In this case the two 
velocities lie along the same line and 
the resultant velocity is equal to the 
algebraic sum of the separate velocities. 

WTen the separate velocities lie along 
different lines, they must be added with 
proper regard for the directions ' of 
motion. 

To illustrate the addition of veloci- 
ties which have different directions, 
consider a man rowing a boat across a stream. The man has a velocity 
down the stream and at the same time a velocity across the stream due to his 
' rowing. If the man rows at right angles to the direction in which the water 
flows, conditions are as represented in Fig. 1. The effect of the combined 
velocities is that the boat is carried across the stream and at the same time 
is carried down the stream. The speed at which the boat actually moves 
and the direction of its motion are found by constructing a rectangle so that 



vebcffy 

Fig. 2. — The composition of the velocity due to the boat and that due to the 
wind give the velocity of the smoke. 

one side represents the speed and direction of motion of the boat due to the 
rowing, and the other side represents the speed and direction of motion of 
the boat due to the stream alone. The actual direction of motion and speed 
of the boat is given by the diagonal of this rectangle. The diagonal of the 
rectangle represents the resultant of the two velocities. 

This is a simple illustration of a more general principle dealing with the 
addition of vectors. A single vector which acting alone produces the same 


B D 



Fig. 1. — Addition of velocities. 
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result as two or more vectors acting together, is known as the resultant of 
these vectors. 

Vectors do not obey the ordinary laws of arithmetic but must be treated 
according to the laws of geometry. When vectors lie in the same direction, 
they are added algebraically. 

Figure 2 shows another illustration of addition of velocitic's. 

19. Acceleration. — The rate at which the velocity of a body 
changes is called the acceleration. It is found by dividing the 
change in velocity by the time in which the change takes place. 
It is, therefore, the change in velocity per unit of time. An 
acceleration like a velocity is a vector, that is, a- quantity which 
has both magnitude and direction. 


Example. — A ball which has a velocity of 30 fl. jxu’ s(*cond toward tho 
. north moves for 5 sec. and at the end of that time is found to a. velocity 
of 70 ft. per second. Find the acceleration. 

, , . . change in vekxdtv 

time 

Change in velocity = 70 - 30 = 40 ft. per scicond. 


Acceleration = ft- per second 

5 5 sec. 


- (S ft. per second per second. 


Hence, the velocity of the ball is increasing 8 ft. per s(H*,ond for cacti second 
during which it moves. It is important to observe that I. wo units of time 
must be stated in order to express an acceleration. Orn^ of these units 
expresses the unit of time in which the original velocity is measured. The 
other of these units expresses the unit of time used to m(uisur(‘ th<^ interval 
of time over which the velocity is allowed to cliange. 


An acceleration may be either uniform or variable. A unifonn 
or constant acceleration is one in which equal changers of velocity 
take place in equal intervals of time. To ca]{^iilat(^ a constant 
acceleration, it is only necessary to divide th(.‘ totaJ (thang('! in 
velocity by the time in which it took placn. tfi(' ac(‘.elcr- 

ation is variable, the total change in velocity dividcal by tin' tinuj 
gives the average acceleration. (Appendix I)-2.) 

20. Illustrations of Uniform Acceleration.— Wluai a train is 
stopping at a station, it is losing velocity. When it is halving 
the station, it is gaining velocity. In the former cas(' th(‘ acccdca*- 
a,tion is negative, in the latter it is positive. If the train gains 
^"elocity at the same rate, for example, 2 miles per hour per min- 
ute, the acceleration is constant. A falling body is a good illus- 
tration of uniformly accelerated motion. The body gains in 
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velocity 32 ft. per second each second that it falls. A loaded sled 
on the side of a hill mil slide to the bottom, and its velocity will 
increase uniformly as it goes. When it reaches the bottom of the 
hill and coasts on the level, the velocity decreases and the acceler- 
ation is negative. In Fig. 3 the velocity of a train at first 
increases and then becomes constant. 













Zero a 

%elera 

flon 

city 



A 


Constant vek 


/ 

]/biriable acceleration 1 
Variable velocity 



/ 






/ 

^Uniform acceleration 
Variable velocity 



/ 



_ 

_ 




10 20 30 40 50 60 70 

Time,secon<;ls 


Fig. 3. — The acceleration of the train is at first constant, then 

finally zero. 


variable, and 


21. Motion of Bodies with Constant Velocity. — The magnitude 
of the velocity of a body which is moving uniformly has already 
been defined as the space passed over in unit time. This relation 
may be written as 


s 

in which v represents the velocity, s the distance, and t the time 
during which the body w’'as moving. This equation may be 
written in the form, 


3 = vt. 

In this form the equation gives the space passed over in the time 
i by a body moving with constant velocity v. If it happens that 
the body is moving with variable velocity, the space passed over 
may be found by multiplying the average velocity by the time. 

Example. — The velocity of an automobile is 30 miles per hour. How far 
will it move in 3 hr.? 

Space passed over = velocity X time 

— 30 miles per hour X 3 hr. = 90 miles. 
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Example. — The average velocity of a falling body for 5 sec. is 80 ft. per 
second. How far does the body fall in that time? 

Space passed over ~ average velocity X time 

= 80 ft. per second X 5 sec. = 400 ft. 


22. Motion of Bodies with Constant Acceleration Starting 
from Rest.— Suppose that a body starts from rest with an 
acceleration a. At the end of the first second its velocity is a 
(Fig. 4), at the end of the second second it is 2a, at the end of the 
third second it is 3a, and a velocity equal to a will be added during 
each second the body moves. At the 
I end of t sec. its velocity will be at. 



Final velocity = rate of change 

of velocity X time = at. 

The average velocity = 

initial velocity + final velocity _ 0 at 

o 

The space passed over = average veloc- 
ity X time 


Fig. 4. — Relation be- 

tw^r-'sn time, velocity, and • 1 1 2 

space passed over for uni- ~ X 6 == . 

form acceleration when the " 

initial velocity is zero. 

The area under the curve In the case of bodies fallihg freely under 
the action of gravity the acceleration is 
approximately 980 cm. per se(*.oiid per 
second, or 32.2 ft. per second per second. For this si)ecial case 


these relations then become 


V = 32.2^ ft. per second. 
= 980i5 cm. per second. 


s = 1 ■ 32.2<2 ft. 

Jj 

~ i • 980i{^ cm. 


Example. — A ball which is thrown upward leaves the hand of the thrower 
with a velocity of 80 ft. per second. How long before it conu's to rest? 

initial velocity initial velocity 


Time to come to rest 


rate of losing velocity 

80 ft. per second 

32.2 ft. per second per second 


acceleration 
2.5 sec. 
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Example. — A body starts from rest and falls freely for 10 sec. Find the 
space passed over in this time. 

Final velocity = acceleration X time = 980 cm. per sec. per sec. X 10 sec. 

= 9,800 cm. per second. 


. 1 , initial velocity + final velocity 

Average velocity — 


0 4- 9,800 


4,900 cm. per second. 


Space passed over = average velocity X time — 4,900 X 10 = 49,000 cm. 


In the two equations, 


and 


V = at 


s = 7 :atK 


( 1 ) 

( 2 ) 


There are in all four unknown quantities: the space passed over, 
the velocity, the time, and the acceleration. If any two of these 
quantities are given, the other two can be calculated from these 
equations. It is convenient to eliminate the time from these equa- 
tions and have a single equation involving three unknown 
quantities. If two of these three unknown quantities are given, 
the other one can be found. 

From Eq. (1), 

a 


Substituting in Eq. (2), 

1 av^ 

2as = v^. 

. Example. — A body having an acceleration of 4 ft. per second per second 
starts from rest and moves a distance of 200 ft. in a given time. What is 
its final velocity? 

— 2as 

= 2 X 4 ft. per second per second X 200 ft. 1,600. 
t; = 40 ft. per second. 
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23. Motion of Bodies with Constant Acceleration and Initial 
Velocity. — In the preceding discussion it was assumed that the 
body started from rest and moved with a constant acceleration. 
Let us now consider bodies that are moving at the instant we 
begin to count time. In such cases the velocity of the body at 

the end of a given time is the veloc- 
ity with which it started plus or 
1 minus its change in velocity dur- 
’ I i time. To find the final 

{ 1 J Q I velocity in these cases (Fig. 5), it 

j I 1 ”j j necessary to take the initial 

' I I ' ' I 1 velocity and add to it or subtract 

I I I 1 j j from it the change in velocity. 

— j — ^ — \ 1 — 1 2^ For example, a body is thrown 

^ directly downward from the top 

• Fig. 5.—Relatioii between time, of a tower with a Velocity of 80 ft. 

SS.SSSS.'X'rb'S P» ““»<'• » itb velocity 

has an initial velocity. The area at the end of 10 SeC.? During 
spacTpassed^ver each second the vel()(tity increases 

32.2 ft. per second. In 10 sec. the 
increase will be 322 ft. per second. Hence, the final velocity will 
be 80 + 322 = 402 ft. per second. 

Let u = the initial velocity. 

V = the final velocity. 
t = the time. 


3 4 

Time 


a = the acceleration 


by definition. 


V u + atj when the velocity is increasing. 

V — u — at, when the velocity is decreasing. 
The average velocity during the time t is 

Initial velocity + fin al velocity _ u + v 
2 "2 

Space passed over = average velocity X time 
u + 


'u + u + at 
K 2 


ut + -^at^. 


Replacing by -w + at, 
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In the case of freely falling bodies, the acceleration is usually 
represented by g instead of a, where g is 32.2 ft. per second per 
second in the English system and 980 cm. per second per second 
in the c.g.s. system (c.g.s. is an abbreviation for centimeter-gram- 
second, appropriately descriptive of the metric system). The 
equations for freely falling bodies are then obtained by substitut- 
ing g for a in the preceding equations. 

Since, 


V — u 


( 1 ) 


and 


V u 


( 2 ) 


it is possible by multiplying these equations to eliminate t and 
have a single equation involving the space passed over, the accel- 
eration, the initial velocity, and the final velocity. It is, 

v''‘ — v,'-‘ 

Whence, 

+ 2as. 

Example. — A body is moving on ice with a velocity of 60 ft. per second. 
It has a negative acceleration of 6 ft. per second per second. Find the 
velocity at the end of 5 sec. and the space passed over in that time. 

Final velocity = initial velocity — loss in velocity 

~ initial velocity — acceleration X time 
~ 60 ft. per second — 6 ft. per second per second X 5 sec. 

== 30 ft. per second. 

Space passed over = average velocity X time 

initial velocity + final velocity 
= ' ^ ^ X time 

60 ft. per second -{- 30 ft. per second „ 

£ X o sec. 

= 45 X 5 = 225 ft. 

Example. — A mass has an initial velocity of 40 ft. per second. Its 
acceleration is 3 ft. per second per second. What will be its velocity when 
it has moved a distance of 800 ft.? 


2as + u^. 

u 40 ft. per second. 
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a = 3 ft per second per second, 
s = 800 ft. 

= 2 X 3 X 800 + (40)2. 

= 6,400. 

V = 80 ft. per second. 

24. Path of a Projectile Fired Horizontally. — If a body is 
projected horizontally from the top of,a tower of height h (Fig. 6) 

with a velocity F, it continues to 
move forward with the same hori- 
zontal velocity it had at the begin- 
ning of its path, except for whatever 
decrease is caused by the resistance 
of the air. For the present purposes 
the effect of the air may be neglected. 
At the same time the body falls 
because of the attraction of the 
earth on it. Hence, at any instant, 
the projectile has two velocities — a 
forward velocity which remains 
constant, and a downward velocity 
which increases with the time. The 
effect of the force of gravitation on a 

'Fig. 6. — Path of a projectile body which is falling and, at the 
fired in a horizontal direction. „ i 

The forward velocity remains Same time, movmg forward With a 

constant. The downward veioc- horizontal Velocity is exactly the 
ity increases uniformly. ... i i n- i 

same as it is on a body falling freely 
from rest without any horizontal motion. Hence, the downward 
velocity of the body at the end of any time t is 

V = gt. 

Since the resultant velocity at any instant is made up of a 
horizontal component V and a vertical component gt, the result- 
ant velocity tangent to the path of the body is 

V' = Vv^ + (gt)\ 

The distance which the body moves forward in the time t is 



X = Vt. 


( 1 ) 
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The distance the body falls in the time t is 


y == 


Since both of these equations involve the time we can elimi- 
nate t from them and have a single equation connecting the dis- 
tance along the a:-axis and the distance along the y-axis. This 
equation describes the path along which the particle moves. 

From Eq. (1), • 



Substituting in Eq. (2), 


The body moves in a path which is a w- w 

parabola. When :r = 0 and y_ = 0, the ,eWd *an “liXe 
body is at the origin just starting on its flying horizontally. Bomb 

motion. When y h, x == R, where downward. 

R = the distance the body goes before 

it strikes the ground. This distance is called the range of the 
projectile. When the body strikes the ground, 


where T is the time of flight. 

Time of flight = T = 

Range R = VT = 

When a bombing plane flying in a horizontal direction (Fig. 7) at a height 
h above the ground releases a bomb, the bomb is moving forward with the 
same velocity as the plane and travels forward with a constant horizontal 
velocity until it strikes the target. When the bomb is released, it has no 
downward velocity but its downward velocity increases with the time of fall 
owdng to the acceleration of gravity. The bomb does not strike the ground 
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at a point directly below the point at which it was released. In order to 
hit the target the bomb must be released before the plane is directly abov(‘ 
the target. The time of release is determined by the speed of the plane 
and its height above the ground. 

Example. — A ball is projected horizontally from the top of a tower which 
is 64 ft. high with a velocity of 20 ft. per second. Find the time of flight 
and the range. 

Time of flight = “ 2 sec. 

Range = v\jj = = 40 ft. 

26. Projectile Fired at an Angle with Horizontal. — If a projecdile is fired 
at an angle $ with the horizontal, it traces out a parabolic path as indicated 
in Fig. 8. The horizontal velocity remains constant. The upward velocity 



Fig. 8. — Path of a projectile fired at an angle to the horizontal. The inaximinn 
height and the range depend on the angle of i)rojeetion. 

decreases to zero and then increases to the same value it had at th,e monnmt 
the projectile was fired. The first step in analyzing the motion of such a 
projectile is to resolve the velocity of projection into vertical and horizontal 
components. If the velocity of projection V makes an angle 0 with the 
horizontal, the horizontal component is V cos 6 and the vcrti(;al (iomponent 
is V sin e. The horizontal velocity remains constant during the motion 
but the vertical component changes due to the acceleration of gravity. 
After a time t the vertical component is z; = F sin 0 — gt. 

The horizontal distance passed over in the time t is, 

X ~ Vt cos d 

and the vertical distance is, 

y - Vt sin 0 — ^gVK 

Eliminating t from these equations, we have for the equation of the u ith 
of the particle. 
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y = ;r. tail B 


1 

2 F2 cos2 9 


When the vertical velocity becomes zero, the projectile has attained its 
greatest height h. At that time b, 

0 = F sin 0 — < 7^1 

and 


k 


F sin g 


The time for the projectile to return to the ground is the same as the time to 
rise to its maximum height. Hence the time of flight is, 


2k = T 


2F sin 6 


and the range, 



cos 6) 


2F2 sin 6 cos 9 


The maximum height is 



Tr • sin 1 

, F^ sin2 Q . 

‘ — r 


F^ sin 2 9 


Problems 

1. A mail clerk threw the mail bag from a moving train so that it moved 
at right angles to the track with a speed of 15 ft. per second. Find the 
direction in which he threw it, if the train w’as moving 20 ft. per second. 

2. An airplane can fly at a velocity of 120 miles per hour in still air. It is 
headed north when the wind is blowing with a velocity of 60 miles per hour 
due east. Find the actual velocity and the direction of motion of the 
airplane. 

3. How long will it take for a steamer capable of doing 18 miles per hour 
in still water to reach a point 40 miles upstream against a current of 2 miles 
per hour? 

4. During an interval of 40 sec., a train on a straight track changes its 
velocity from 15 to 25 miles per hour. Determine the average velocity 
during that period, assuming that the change occurred uniformly. 

6. Find the time required for a locomotive traveling at the rate of 40 ft. 
per second to come to rest if the brakes are applied to produce a negative 
acceleration of 8 ft. per second per second. 

6. A passenger train starts from a station just as a freight train is passing 
on a parallel track in the same direction with a speed of 45 ft. per second. 
The passenger train has an acceleration of 1.5 ft. per second per second.. 
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What time will elapse before the trains are again side by side and how far 
from the station will they then be? 

7 . A sled is started with an initial velocity of 10 ft. per second down a 
hill on which it accelerates 8 ft. per second per second. How far will it go 
in 6 sec.? 

' 8 . A freight train starts from rest and travels 300 m. in 30 sec.; find the 
acceleration, the a,verage speed, and the final speed. (Assume constant 
acceleration.) 

9. An elevator starting from rest has a constant upward acceleration of 
8 ft. per second per second. It reaches a maximum speed of 24 ft. per second 
and is then brought to rest with a negative acceleration of 6 ft. per second 
per second. Find the distance the elevator moved during the time which 
elapsed between starting and stopping. 

10. With what speed and in what direction must a baseball leave the hand 
of the pitcher to rise to a height of 30 ft. and travel horizontally a distance 
of 150 ft.? 

11 . A ball is thrown at an angle of 45 deg. with the horizontal. Its initial 
speed is 120 ft. per second. Find the time which will elapse before the ball 
returns to the ground, if it is assumed that the ground is level. 

12. Two trains leave stations at different times traveling toward each 
other. One of them travels at a speed of 40 miles per hour, the other at a 
speed of 50 miles per hour. -The stations arc 120 miles apart. How much 
later should the faster train start in order that the two trains meet halfway 
between the stations? 

13. A ball is projected upward from the bottom of a tower which is 375 ft. 
high, and, at the same instant, another ball is dropped from the top of the 
same tower. If the balls meet at a point halfway between the top and 
the bottom of the tower, with what initial velocity was the ball projected 
upward? 

14. A body is thrown in a horizontal direction from the top of a tower 
which is 300 ft. high, with a velocity of 60 ft. per second. Find its range. 

16. A balloon ascending with a velocity of 3.2 ft. per setumd releases a 
bag of sand at a height of 300 ft. from the surface of the ground. Find the 
time for the bag of sand to reach the earth. 

16. Find the range of a shell fired from a cannon with a miizzle velocity 
of 1,200 ft. per second, when the shell is fired at an aziglc of 30 dog. with the 
horizontal. 



CHAPTER 11 


FORCES AND MOTIONS 

26. Force. — Our first ideas of force come from muscular effort 
exerted to produce changes in the motion of a body. If a hall is 
thrown into the air or a heavy stone lifted into a wagon, a certain 
muscular effort is required. This muscular effort is greater for 
large bodies than for small ones. When bodies are once set in 
motion, they require muscular effort or some other force to stop 
them; and the more rapid their motion, the greater is the force 
required to bring them to rest in a given time. 

A force is an action exerted by one body on another tending 
to change the state of motion of the body acted upon; Thus, a 
loaded wagon is drawn by a team of horses or an automobile is 
driven forward by its engine. When a man lifts on a bucket of 
water, his hand exerts a force on the bucket which tends to 
change the state of motion of the bucket. It may happen that 
the force exerted on the bucket is not sufficient to lift it. In that 
case the force only tends to change the state of motion of the 
body. The primary effects of a force are two: a force may cause 
a change in the size or shape of a body; or, if the body is free to 
move, a force can cause a change in velocity. This change in 
velocity may be a change of the direction of the motion, or 
a change in the magnitude of the velocity, or both. 

27. Newton’s First Law of Motion. — A person stepping from a 
moving car observes a tendency to keep on moving after leaving 
the car. On the other hand, a person finds it easier to jump on a 
moving ear if he is running forward at the same rate as the car. 
In like manner it is found that if a heavy flywheel is standing 
still, it requires a considerable effort to set it in rotation about 
its axis. These are illustrations of an important law known as 
Newton’s first law of motion. It states that every body con- 
tiaues in a state of rest or uniform motion in a straight line, 
unless it is compelled te change that state by the application of 
some external force. This form of statement applies to motions 
of translation. For motions of rotation the law states that every 
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body continues in a state of uniform motion of rotation about a 
fixed axis unless acted upon by some impressed force applied at 
some point not on the axis of rotation. This law states in effect 
that a stone lying on the ground will remain there until some 
outside force compels it to move. When a ball is thrown into 
the air, it will move on indefinitely unless some outside force 
offers a resistance to its motion. The earth will continue to 
rotate about its axis until some external force is applied to stop 
the rotation. Even after such forces are applied, time is required 
to bring the body to rest. The changes in motion are not 
instantaneous. 

28. Inertia. — In Newton’s first law of motion an important 
property of matter appears. It is known as inertia and is 
defined as that property of matter by virtue of which it tends to 
remain at rest or in uniform motion unless external forces are 
operating on it. There are two kinds of inertia as there are two 
general types of motion — translation and rotation. Bodies show 
opposition to being translated and also opposition to being 
rotated. The former opposition is called linear inertia ; the latter 
is called rotary inertia. The linear inertia of a body is pro- 
portional to the mass of the body, but rotary inertia depends also 
on the distribution of the mass about the axis of rotation. 

29. Momentum. — Certain properties of moving bodies depend 
jointly on the mass and the velocity. Thus, the time for a 
locomotive to start a train depends on the mass of the train and 
the velocity which is given to it. It is more difficult to give a 
freight train a speed of 10 miles per hour than it is to give a 
passenger train that speed. This property is called the momen- 
tum of the body, and it is defined as the product of the mass 
and the velocity. Since the velocity has direction as well as 
magnitude and the mass has only magnitude, the momentum 
will be a directed quantity and due regard must be paid to its 
vector properties. 

Example. — tractor having a mass of 7,500 lb. has a velocity of 8 ft. 
per second. What is its momentum? ' 

Momentum == mass X velocity 

= 7,500 lb. X 8 ft. per second 60,000 Ib.-ft. per second. 

30. Newton’s Second Law of Motion. — When an unbalanced 
force acts on a body, it produces an acceleration which is in the 
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direction of the force and proportional to it. For example, let 
a force of 32 lb. act on a mass of 64 lb. The mass will have an 
acceleration in the direction of the force, and, if the force is 
increased to 64 lb., the acceleration will be doubled. The 
force effective in producing this acceleration is not the entire 
force acting on the body but the unbalanced force. By an 
unbalanced force is meant the amount by which the pull or 
push in one direction exceeds the pull or push in the opposite 
direction. When the engine in a tractor exerts a force on the 
tractor, there are, besides this force on the tractor, the forces due 
to the resistance which must be overcome in pulling the plows 
through the earth. This resistance acts in the opposite direction 
to the^ pull of the engine on the plows. The unbalanced or net 
force is the difference between the force pulling the tractor for- 
ward and the force tending to stop it. When this net force is 
zero, the tractor moves forward with constant velocity. If the 
forward force exceeds the backward force, the tractor moves 
forward with constant acceleration. If the resistance exceeds 
the forward force, the motion of the tractor slows down at a 
constant rate. 

Experiments also have shown that if equal accelerations are imparted to 
bodies of unequal masses, the forces required to produce these accelerations 
are proportional to the masses of the bodies. Thus, if an acceleration of 2 
ft. per second per second is imparted to a mass of 5 lb. and to another of 15 
lb., it requires three times as much force to produce this acceleration in the 
15-lb. mass as it does in the 5-lb. mass. The larger the mass the more 
difficult it is to produce a given acceleration. 

Combining these statements, we get Newton’s second law of 
motion. The net or effective force acting on a body is propor- 
tional jointly to the mass and the acceleration produced by the 
force. The product of the mass and the acceleration is therefore 
a measure of the force acting on the body. This law can be more 
conveniently expressed as follows: 

F = kMa, 

where F is the net force acting on the mass, M is the mass of 
the body, -a is the acceleration, and fc is a constant factor of 
proportionality whose numerical value is determined by the 
units in which the force, mass, and acceleration are measured. 
In this form the law states that the acceleration of a body is 
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proportional to the force acting on it and inversely proportional 
to its mass. More generally, Newton’s second law states that 
the time rate of change of momentum is proportional to the 
impressed force. (Appendix D-3.) 

31. Absolute Units of Force.— Newton's second law of motion 
gives a satisfactory way of defining an absolute unit of force. 
By suitably choosing the unit of mass, the unit of force, and the 
unit of acceleration, the factor of proportionality k becomes equal 
to unity and Newton's second law of motion takes the form, 

F = Ma. 

This equation implicitly defines the absolute unit of force as 
the force which will produce unit acceleration when acting on 
unit mass. In the c.g.s. system of units this unit of force is 
called a dyne. A dyne is defined to be that force which wiU 
produce an acceleration of 1 cm. per second per second when act- 
ing on a mass of 1 g. A poundal is defined to be that force that 
will produce an acceleration of 1 ft. per second per second in a 
mass of 1 lb. 

Example. — A force of 30 dynes acts on a mass of 10 g. Find the acceler- 
ation. 

Force in dynes = mass in grams X acceleration in centimeters per second 
per second. 


F = Ma. 

30 dynes = 10 g. X a. 

a = 3 cm. per second per second. 

Example. — What force is necessary to give a mass of 10 11). a,n acceleration 
of 3 ft. per second per second? 

Force in poundals = mass in pounds X acceleration in feet per second 
per second. 

‘F = Ma 

= 10 X 3 = 30 poundals 

32. Gravitational Units of Force. — The force arising from the 
pull of the earth, on bodies which are on or near its surface, is so 
easily observed that it is convenient to make it the basis for a 
system of units in which to measure other forces. For this 
reason the weight of a gram or a pound is often used as a unit of 
force. Although the attraction of the earth for a given mass 
varies from place to place on the surface of the earth, this attrac- 
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tion at a given place is constant and can be used as a standard. 
Such units of force are known as gravitational units of force. 

A force of a pound is defined as a force equal to the force 
with which the earth attracts a mass of 1 lb. Since the attrac- 
tion of the earth for a mass of 1 lb. is not the same at all points, 
it is necessary to specify the place at which this standard pound 
is used. 

Similarly, a" kilogram of force is defined as a force equal to 
the attraction of the earth for a mass of 1 kg., and a force of 1 g. 
as a force equal to the attraction of the earth for a mass of 1 g. 

33. Mass and Weight. — It is important to distinguish between 
the mass and the weight of a body. The mass is in a sense the 
body itself or the amount of matter which it contains. Hence, 
the mass is independent of the position of the body on the earth. 
It is the same whether the body is on this planet or on some other 
planet. The weight is a measure of the attraction of the earth 
for the mass which the body contains. The weight of a body at a 
particular place on the surface of the earth is proportional to its 
mass, but the weight depends on where the body happens to be 
located with respect to the earth. 

One of the most convenient methods of determining the mass 
of a body is to measure the attraction of the earth for it. This is 
such a familiar method that it has become a general practice to 
use the same word to denote the unit of mass and the correspond- 
ing unit of force. Thus, the word pound or gram is used to denote 
a certain amount of matter and also the attraction of the earth 
for this matter; that is, its weight. In order to avoid confusion, 
it is necessary to specify whether we mean a pound of mass or a 
pound of force, a gram of mass or a gram of force. When pound 
is used as a unit of force, and there is any danger of ambiguity, 
it will be called a pound weight ; and when it is used as a unit of 
mass, it will be referred to simply as a pound. The corresponding 
distinction will be recognized in the case of the gram and the 
kilogram. 

34. Relation between Absolute and Gravitational Units. — The 
force acting on a freely falling body is sufiicient to give it an 
acceleration of 980 cm. per second per second, or an acceleration 
of 32.2 ft. per second per second. The relation between the 
force and the mass on which it acts is given by the formula 

F = Ma, 
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If the force is expressed in dynes and the mass in grams, the 
force acting on 1 g. is 

F = 1 X 980 = 980 dynes. 

The force with which a mass of 1 g. is attracted to the earth is 
known as the weight of 1 g. Hence a force equal to the weight 
of 1 g. is equivalent to a force of 980 dynes. 

Example. — Find the force in grams weight to which 2,940 dynes are 
equivalent. 

_ . . , ^ force in dynes 2,940 dynes .. . , . 

Force in grams weight == ggO = == o g. weight. 

In the same way the force in poundals with which the earth 
attracts a mass of one pound is, 

F = 1 X 32.2 poundals. 

Hence the force with which 1 lb. is attracted to the earth is 
equal to 32.2 poundals or the force of 1 lb. weight is equal to 
32.2 poundals or 

. , . , ^ force in poundals 

Force in pounds weight = 

Example. — What pull in pounds weight must be applied by a locomotive 
to give a train of 250 tons an acceleration of 2.5 ft. per second per second? 

Force in poundals = mass in pounds X acceleration in feet per second 
per second. 

Force in poundals = 500,000 X 2.5 = 1,250,000 poundals. 

Force in pounds weight = ^ ' ^32 ’2^^ 38,800 lb. 

Example. — A force equal to the weight of 30 g. acts on a body which has a 
mass of 98 g. Find the acceleration in centimeters per second per second. 

Force in dynes = mass in grams X acceleration in centimeters per second 
^ per second. 

Force in dynes = force in grams weight X 980 
= 30 X 980 = 29,400 dynes 

29,400 dynes =98 g. X acceleration in centimeters per second per 
second. 

Acceleration = 300 cm. per second per second. 

36. Newton’s Third Law of Motion. — The third law of motion 
like the first and second laws is the result of experience. The 
hand of a person holding up a given mass is subjected to the 
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downward force of gravity acting on the mass. The hand must 
apply an equal upward force in order to keep the mass in position. 
The wheels of an automobile push backward on the road, but the 
road pushes forward on the wheels with an equal force. When 
the road is icy so that the wheels cannot grip it, the road cannot 
push forward on the wheels, and the car does not move forward 
although the motor is at full speed. If a horse pulls a load along 
the road, the horse pushes back on the road with a certain force 
and the road pushes forward on the horse with an equal force. 
This fact is made use of in a treadmill where the track on which 
the horse stands is movable. The horse attempts to walk for- 
ward, but in reality the track 
moves back under his feet. The 
horse remains in one position 
while the track on which he 
stands moves and thus develops 
the power which turns the mill. 

Wherever one force is found in 
nature, it is possible to find 
another force which has the same 
magnitude but is always in the 
opposite direction. If, for ex- 
ample, a man pulls on a rope 
with a force of 40 lb., the rope 
pulls on the man^s hands with a force of 40 lb. The train puUs 
back on the locomotive with a force which is just as great as the 
force with which the locomotive pulls forward on the train. The 
sun pulls on the earth and the earth pulls on the sun with an 
equal and opposite force. A stream of water (Fig. 9) issuing 
from a spray causes rotation. 

These facts may be stated as the third law of motion in the 
following form: To every force or action there is always an equal 
and opposite reaction. 

33. Universal Gravitation. — There is a tendency for every body 
in the universe to move toward every other body. This tendency 
arises out of the fact that every particle of matter attracts every 
other particle of matter with a force whose direction is that of 
the line joining the particles. When the masses of these bodies 
are small, this attractive force is small ; but the attraction between 
two bodies like the sun and the earth is very large. It is this 



Fig*. 9. — Ueaction due to the emis- 
sion of water from a nozzle. The 
greater the velocity of the water, the 
greater the reaction. 
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force of attraction between the sun and the earth which causes 
the earth to describe its orbit about the sun. The weight of a 
body is the attractive force of the earth on the body. This 
force pulls the body toward the center of the earth. The greater 
the mass of the body, the greater is this pull and the greater the 



weight. The farther the body from 
^ the center of the earth the less is 
this pull. Hence, the weight of a 
^ body varies with the altitude and also 


Tig. 10. — The force of gravi- 
tation varies directly as the 
product of the masses ^ and 
inversely as the square of the 
distance between them. 


the latitude at which the observations 
are made. 

Newton found that the force of 
attraction between two small bodies 


or between two spherical bodies of any size (Fig. 10) is 
proportional to the product of their masses and inversely propor- 


tional to the square of the distance between their centers. 


This law may be written as 


F = k 


M1M2 


where F is the force- of attraction, 
Ml and M2 the masses of the bodies, 
R the distance between their 
centers, and k a constant known 
as the constant of gravitation. 

The best evidence for the correctness 
of this law is obtained from astronomical 
observations. By an application of this 
law, it is possible to calculate and predict 
the motion of the planets and their 
satellites with the greatest accuracy 
years in advance. Such accurate predic- 
tions make a severe test of the correct- 
ness of the law. 



Fig. 11. — Cavendish’s experi- 
ment showing attraction between 
fixed and movable spheres. Direc- 
tion of rotation is reversed when 
position of spheres is reversed. 


This law has also been verified by direct experiment. Cavendish by 
means of a torsion balance (Fig. 11) measured with great accuracy the 
attraction of one body for another. Two spheres m and mi were fixed to 
the end of a light rod which was suspended by a long, fine wire so that it 
could turn easily. In its normal position the wire is untwisted. When two 
heavy lead balls are placed at M and M, the rod carrying the two small 
balls is turned into a new position. When the lead balls are placed at M 1 
and Ml, the light rod with the small balls is turned in the opposite direction. 
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By measuring the elastic constant of the suspending wire, it becomes 
possible to determine the attractive force between the movable and -fixed 
spheres. By means of such an experiment Cavendish carefully verified 
the law of universal gravitation. It is one of the most important laws in 
nature. ^ ,- 1 ^- 

Example. — Calculate the attraction between two lead sphefei which 
weigh 10 and 20 kg., respectively, when the distance between their centers 
is 40 cm. 


,MiM2 
6.67 X 10-8. 

6.67Xl0-xiM20^^ 

6.67X10-X^j|^ ■ 

0.0083 dyne. 

37. The Mass and Density of the Earth. — From Newton’s law 
of gravitation it is possible to calculate the mass of the earth. 
It is first necessary to know the numerical value of the gravita- 
tional constant k with proper regard for the unit of force, the unit 
of mass, and the unit of distance used in the law of gravitation. 
Suppose the mass is measured in grams, the force in dynes, and 
the distance in centimeters, then the observed gravitational 
constant k = 6.67 X 10“^. 


F 

k 

F = 


Consider the earth a perfect sphere of radius R. , The force which it exerts 
on a mass of 1 g. at its surface is 980 dynes. Newton's law of gravitation 
states that the force of attraction between this gram and the earth is 


where m — 1, the mass of the 1-g. weight. 

M = the mass of the earth in grams. 

R — the radius of the earth in centimeters. 

F ~ the force of attraction in dynes. 

’ Substituting the proper values in this equation, 

980 ^ X 6.67 X 10-8. 

R = 6.4 X 10® cm., approx. 

,, _ 980J28 _ 980 X (6.4 X lOs)^ 

^ 6.67 X 10-8 6.67 X 10-8 

= 6.018 X lO®’’ g., approx. 

B’lore 
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Since the mass of the earth is 6.1 X g. and the volume of the earth is 

= 1.08 X 10^^ C.C., the mean density of the earth can be calculated, 
o 

QCJ A 1 V 1027 

1.08 centimeter. 



38 . Variation of Gravity. — The decrease in the force of gravity as one goes 
upward from the surface of the earth is not rapid because the radius of the 
earth is large. The earth has its greatest radius at the equator and bodies 
weigh less at the equator for this reason. A mountain rising above a plain 
has a gravitational attraction for a plumb bob so that it no longer hangs 
exactly vertical. There are now available methods for measuring small 
variations of the force of gravity at different points on the earth’s surface. 
These methods have proved valuable in the discovery of salt domes in certain 
oil fields. In such fields the distribution of oil is largely determined by these 
salt domes which cannot be located by ordinary methods. The location of 

other valuable mineral deposits and 
structural features of the crust of the 
earth have been determined by gravita- 
tional methods. 

39 . Formation of Tides. — Assuming 
for the sake of simplicity that the 
earth is not rotating and that it is 
covered uniformly with a deep ocean, 
Fig. 12 shows how the difference in the 
attractive forces of the moon for the 
water, nearest and farthest from it, furnishes tide-rising forces. A gram of 
water nearest the moon is attracted with a greater force than the force on a 
gram of matter situated at the center of the earth. On the other hand, a 
gram of matter at the center of the earth is attracted with a greater force than 
the force on a gram of water on the side of the earth farthest from the moon. 
The differences in these forces of attraction cause the water to pile up on the 
side of the earth nearest the moon and on the side farthest from it. The 
attraction of the sun causes a similar set of tide-rising forces. The lunar- 
tides have their greatest height twice in a period of 1 day and 51 min. The 
solar tides have their greatest height twice in a period of 24 hr. The result- 
ing tide is a combination of these two tides. In fact, this discussion is over- 
simplified. The inertia of the water, forces of friction and other causes 
produce lags in the motion of the water and otherwise complicate the 
picture. 

The crust of the earth is not perfectly rigid. It also yields to tidal forces.* 
The actual rise and fall of »the earth’s surface due to tidal forces have been 
measured. At the time of the spring tides it is as much as 9 in. 


Fig. 12. — The difference between 
the attraction of the moon for water 
on opposite sides of the earth causes 
tides. 


Problems 

1 . A force of 600 dynes acts continuously on a mass of 15 g. during a 
period of 2 min. What velocity does the body acquire if it was originally at 
rest? 
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2. What retarding force must be exerted on a mass of 100 lb., in order 
to permit it to fall with an acceleration of 12 ft. per second per second? 

3 . If the cable which supports an elevator exerts an upward force of 4.5 
tons on an elevator which weighs 5 tons, what is the acceleration of the 
elevator? Neglect frictional forces. 

4 . A string which can sustain a tension of 2,5 kg. is fastened to a mass of 
1.5 kg. lying on a smooth horizontal table. What is the largest acceleration 
which can be imparted to the mass without breaking the string? 

6. A porter carries a bag weighing 16 lb. into an elevator. WTiat force 
must he exert on the bag in order to hold it when the car is started upward 
with an acceleration of 5 ft. per second per second? 

6. The car of an elevator and its contents exert a force of 2 tons on the 
cables when at rest. How great is the force when an upward acceleration 
of 4 ft. per second per second is being given to the elevator? when the acceler- 
ation is numerically the same but downward? 

7 . A man weighing 160 lb. slides down a rope which can sustain only 150 
lb.; what must be the acceleration of the man in order that the rope will not 
break? 

8. Taking the mass of the earth as 6 X 10^^ g., the mass of the moon as 
7 X 10^5 g., and the distance between their centers as 3.8 X lO^o cm., 
calculate the attraction of the earth for the moon. 

9 . When a sphere of lead is placed 30 cm. from another sphere of lead with 
a mass of 2,500 g., the attraction of one for the other is found to be 1 X 10“® g. 
What is the mass of the other sphere? 

10 . The diameter of the earth is 7,900 miles and that of the moon is 
2,160 miles. The mass of the earth is 81 times that of the moon. Find the 
acceleration of gravity on the moon. 

11 . A body weighs 200 kg. on the surface of the earth. Find its weight 
1,000 miles above the surface of the earth. Assume the radius of the earth 
to be 4,000 miles. 

12 . A mass of 20 lb. rests on a smooth table. It is fastened by means of a 
flexible cord passing over a frictionless pulley to a weight of 3 lb. which hangs 
freely. Find the acceleration of the system. 



CHAPTER III 


COMPOSITION AND RESOLUTION OF FORCES 

40. Representation of Forces. — Since forces are vector quanti- 
ties, in order to completely define a force, it is necessary to give 
its magnitude, its direction, and its point of application. Forces 
like other vector quantities can be represented by straight lines. 
The length of the line represents the magnitude of the force. 
The direction of the line represents the direction in which the 
force acts, and the head of an arrow on the line shows whether the 
force acts up or down, to the right or to the left, east or west, etc. 

It may be that two forces act on a body at the same time. Suppose a 
force of 40 lb. is acting north and a force of 30 lb. is acting cast. Two 
arrows are then drawn, one pointing north and the other pointing oast. 
The two arrows begin at the same point, showing that the forces are applied 
at the same point. If the arrow pointing north is made 4 in. long, then each 
inch of its length represents a force of 10 lb. The arrow pointing east must 
now be made 3 in. long in order to represent the other force. 

41. Resultant. — If a force acts on a body which is free to 
move, the body moves in the direction of the force. When two 
horses pull in opposite directions on a load, the load moves in 
the direction of the stronger pull. The force tending to displace 
the load in this case is the difference between the two pulls. 
When the forces act in the same direction, the effective force is the 
sum of the two pulls. This effective or equivalent force is known 
as the resultant of the forces. In the case of two oppositely 
directed forces acting at the same point this resultant is found 
by taking the difference between the applied forces, and its 
direction is the direction of the greater force. When the forces 
act in the same direction, the resultant is found by adding the 
applied forces. 

42. Resultant of Forces Acting at Right Angles. — When two 
forces acting at right angles are applied to a body, the effect is 
the same as if some single force acted on the body. For example, 
if two ropes are fastened to a sled and two men pull on them 
at right angles to each other with a force of 50 and 75 lb., respec- 
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tively, the sled will move along the diagonal of a parallelogram 
of which the forces form the sides. Lay off, as in Fig. 13, a line 

OB, 3 in. long. Each inch represents a force of 25 lb. Now, at 

right angles to this line, lay off another line which is 2 in. long. 
This hne represents the other ^ ^ 

force in magnitude and direc- 
tion. Under the simultaneous 
action of these forces the body 
will move along the diagonal ^ 

OC. This diagonal represents 
the direction and magnitude of 
the resultant or equivalent force. 

To calculate the magnitude ^ 
of the resultant force when the Fig. 13.— The resultant of forces 
forces are acting at right angles, angles is given by 

it is only necessary to make use 

of the familiar relation between the sides and the hypotenuse of a 
right triangle. Thus, 

^ = 0T2 + OP or = VX^ + Y^- 



The direction of the resultant is found from the equation. 


tan X 


BC 

OB 


Example. A body lying on a horizontal table is acted on by two forces 
which are at right angles to each other. One of these forces has a magnitude 
of 75 lb. and points in the direction OB, The other has a magnitude of 
50 lb. and points in the direction BC, Find the magnitude and direction 
of the resultant force. 

R 

tan X 

R^ 

R 

tan X 

X 

43. Resultant of Forces Not at Right Angles. — Suppose that 
two men on opposite sides of a canal are pulling on a boat by 
means of two ropes. When the boat is some distance behind the 
men, the angle between the forces will be less than a right angle. 




= (75 lb.)2 + (50 lb.)2. 
= 90.1 lb. 

== 34.0 deg. 
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In order to find the resultant of these two forces, arrows are 
^ c drawn to represent the forces 

y ^ ^ preceding case, but in 

X ' ^his case a parallelogram (Fig. 
^ instead of a rectangle is con- 

FW. 14 .-The* esuitant of forces not structed. The resultant is then 
at right angles is represented by the represented by the diagonal of 
diagonal of a parallelogram. parallelogram., By this 

graphical method the magnitude and direction of the resultant 
can be obtained. If it is desired to cal- f 

culate either the direction or the magnitude A 
of the resultant, it is necessary to use the | ^ 

following trigonometric relation (Appendix \ | V'^ 

E-1): - 

c 

c- = + 2ah cos x, ^ '' 

The correctness of this equation can be ^ ® 

tested by suspending three weights as in ^ 

Fig. 15 and measuring the angle ACB for 
different magnitudes of the weights. tcft' o/reUxtiorbSween 


44. Illustrations of Composition of forces and their 
Forces. — In Fig. 16 is shown a pendulum 
consisting of a heavy bob A suspended by a cord attached at 



0 and having a spring balance at C. 
By means of a second spring balance 
at Z), the bob is pulled aside from its 
vertical position. This pull is exerted 
in the horizontal direction and is read 
on the spring balance at D. The 
spring balance at C gives the tension in 
the string for any position of the bob. 
When the bob is in the vertical powsi- 
tion, the reading of the spring balance 
C is the weight of the bob. When the 
bob is pulled aside from this position, 
there are three forces acting on the bob 


Fig. 16.— Equilibrium of — thq horizontal pull, the tension in the 
forces acting on a pendulum and the Weight Of the bob. 

The reading of the spring balance C 
is the resultant of the horizontal and vertical forces on the bob. 
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'A simple crane (Fig. 17) illustrates the composition of the two 
forces. Let the top of the beam BC be connected by means of a 
cord to the wall at A, in such a way that when the beam is in 
equilibrium the cord AB is at right angles to the wall. A spring 


balance inserted in this cord indicates the ten- 
sion in it. From B is hung a weight W, and 
under the action of these two forces the beam 
exerts a thrust which is just enough to overcome 
their combined action. This thrust is equal in 
magnitude and opposite in direction to the 



resultant of these two forces. To get the force 
diagram, lay off on a vertical line a distance 
which represents the weight W, and at right 
angles to this line lay off a second line which 
represents the magnitude and direction of the 
tension T in the cord AB. Now, draw the 
rectangle of which T and W are the two sides. 
The diagonal of this rectangle represents the 
resultant of the horizontal and vertical forces 



Fig. 17. — Forces 


and is equal to the force exerted on the beam, acting on a simple 
If a weight of 300 lb. is hung from B, and if the 


tension in the cord AB is 200 lb., then the resultant force on the 


beam is 


R = V(3001b.)2 -h (2001b.)2 = 360.6 lb. 

46. Derrick Crane. — A derrick crane (Fig. 18) is a modification of a 
simple crane. It differs from the simple crane in the 
fact that the force in the rope AB is not always per- 
pendicular to the post to which it is fastened. Instead 
of obtaining the resultant by drawing the rectangle of 
forces, it is now necessary to draw a parallelogram. 

46. Resultant of More than Two Forces. — 

If more than two forces act simultaneously on 
a particle, the resultant can be obtained by 
constructing a polygon with its sides parallel 
Fig. 18 .— Forces respectively to these forces, the lengths of the 
crane. Sides representing the magmtudes of the forces. 

In case there are three forces A, 5, and C 
(Fig. 19) acting on a particle P, let the length of a line 
db^ parallel to the force B, represent the magnitude of this force. 
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In. like manner, let the line ac represent the force A in both 
magnitude and direction, and the line he the force C. If the 
resultant force acting on the particle P is zero, a closed triangle 
ahe will be formed. If the resultant force on the particle is not 

6 


(b) 

Fig. 19. — Equilibrium of three forces acting at a point. 

zero, the triangle will not be closed, and the line necessary to 
make a closed figure will represent the magnitude of the result- 
ant or effective force. The condition that the particle be in 


c 


B 
(b) 

Fig. 20, — Equilibrium of four forces acting at a point. 

equilibrium under the action of these three forces is that the 
three forces, when plotted in the way indicated, shall form a 
closed triangle. 


(b) 

Fig. 21. — Four forces acting at a point do not produce equilibrium when the 
polygon does not close. 

In like manner, let a particle P (Fig. 20) be acted on simul- 
taneously by four forces and draw a polygon making its sides 
represent these forces in both magnitude and direction. If this 
polygon is closed, the resultant force on the particle is zero. If, 
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however, the figure is not closed (Fig. 21), there will be a resultant 
force acting on the particle. The length of the line necessary to 
close the polygon represents the magnitude of the force required 
to keep the particle in equilibrium. The forces on an air- 
plane (Fig, 22) illustrate the way effective forces are balanced. 

47. Resolution of Forces. — It has been seen that two forces 
can be combined into a single force. On the other hand, a single 


Liff 



Fig. 22. — Forces on an airplane, (a) Flying horizontally; (6) flying at an angle 
with the horizontal. 

force may be broken up into two or more forces to which it is 
equivalent. When one force is given, it is possible to find two 
other forces which when applied simultaneously will produce the 
same effect as the single force. This process of splitting up a 
single force into two or more parts is known as the resolution of 
forces, and the parts into which the force is split up are called 
the components of the force. 


Canal boa! -^A 



Shore 

Fig. 23. — Components of the force on a canal boat. 

Consider a canal boat as indicated in Fig. 23, and let a force 
be applied to it in the direction BC. This force produces two 
distinct effects on the boat. It moves the boat forward and also 
pulls it to the bank. Two separate forces might have been 
applied with the same result. The single force BC is, therefore, 
equivalent to two forces, one urging the boat forward and the 
other pulling it to the shore. These forces which produce the 
same effect as BC are the components of BC, The components 
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of this force are represented by the sides of a parallelogram of 
which the original force is the diagonal. In Fig. 24 the force due 
to the wind acting on a sailboat is resolved into components 
perpendicular and parallel to the sail, and the force perpendicular 
to the sail is then resolved into components perpendicular and 
parallel to the axis of the boat. 



To find the components of a force, it is necessary to know the 
direction in which the components are desired, since there are 
any number of parallelograms which may be constructed on a 
given diagonal. When the directions of the components have 
been given, the magnitudes of the components are found by 
constructing a parallelogram whose diagonal represents the 
original force in magnitude and direc- 
tion, and whose sides have the directions 
of the desired components. 

48. Rectangular Components of a 
Force. — Most frequently the force is 
resolved in such a way that the com- 
ponents are at right angles to each 
other. In Fig. 25, OR represents a given 
force, and the components are desired 
along OX and OF, two directions which 
pon^tro*£“foicr°'”' "Sht angles to each other. By 

completing the rectangle OARBj the 
magnitudes of the components are found to be OA and OB. 
The relation between the components and the original force is 
given by the trigonometric formulae, 

OA = OR cos T. 

OB — AR ^ OR sin x. 
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Example. — A mass weighing 10 lb. is kept at rest on a smooth plane, which 
is inclined 30 deg. to the horizontal, by a force which acts parallel to tin* 
plane. Find the force parallel to the plane and the force at right angles 
to the plane. 

Force parallel to plane = weight X sin 30 deg. 

Force at right angles to plane = weight X cos 30 deg. 

Force parallel to plane = 10 X = 5 lb. 

Force perpendicular to plane = 10 X H'v/S “ 8.6 lb. 


When a weight W hangs from a horizontal 
Gated in Fig. 26, the tension T in the string BC 
can be resolved into two components, one 
horizontal and the other vertical. The hori- 
zontal component, 

E = T cos X, 

causes a pressure against the vertical wall. 
This pressure is just balanced by the push of 
the wall against the bar. The vertical 
component, 


7 = r sin Xf 


bar AC as indi- 


B 



Fig. 26. — -Eesolu- 
tion of tension into 
rectangular compo- 
nents. 


tends to lift the end C of the bar AC. This tendency to lift the 
bar AC is just balanced by the pull of gravity on the weight W. 
Hence, 

Y — T sin X — W. 


Example. — A mass of 100 lb. hangs from the bar at C (Fig. 26). Find 

the tension in the string BC which 
makes an angle of 45 deg. with the bar. 
Assume AC is without weight. 

Weight = tension X sin 45 deg. 

W — T X sin 45 deg. 

100 = r X 0.707. 

100 



T = 


Fig. 27. — Eesolution of force due 
to weight into rectangular compo- 
nents along and at right angles to 
the plane. 


0.707 


141 lb. 


If a mass rests on an inclined 
plane (Fig. 27), the force of 
gravity acting on the mass can be resolved into two components, 
one parallel to the plane and the other perpendicular to the plane. 
The former is W sin x and the latter is W cos x. The component 
parallel to the plane causes the mass to slide down the plane, and 
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the component perpendicular to the plane presses the mass 
against the plane. 

Example. — A mass of 300 lb. rests on a plane making an angle of 30 deg. 
with the horizontal. What is the force down the plane and the force at 
right angles to the plane? 

Force down the plane - W sin 30 deg. = 300 lb. X 0.5 == 150 lb. 

Force perpendicular to plane = W cos 30 deg. = 3001b. X 0.866 = 2601b. 

Problems 

1 . A body is subject to the action of a vertical force of 100 lb. upward 
and a horizontal force of 40 lb. What are the amount and the direction of 
the resultant of the two forces? 

2. Two forces at right angles have a resultant of 320 lb. If one of the 
forces is 200 lb., what must the other one be? 

3 . A pendulum bob with a mass of 2 kg. is hung on a cord 1.6 m. long. 
A horizontal force is applied to the bob, sufficient to bring the cord to an 
angle of 30 deg. with the vertical. Find the horizontal force and the tensile 
force in the cord. 

4. A picture is supported by two wires fastened to the ends of the upper 
edge of the picture frame which is horizontal. Each of the wires makes an 
angle of 60 deg. with the vertical. What .is the tension in each wire if the 
picture weighs 15 lb.? 

6. A plank whieh is 12 ft. long has one end resting on the ground and the 
other end at a point 4 ft. higher. On the plank is a trunk weighing 125 
lb., which is kept from sliding by the friction. How great must the friction 
be? 

6. A train of 450 tons is drawn up at 1.5 per cent grade. The frictional 
forces opposing the motion amount to 2 per cent of the weight of the train. 
What is the total force required to keep the train moving? 

7 . A cart standing on an inclined plane which makes an angle of 5 deg. 
with the horizontal is kept from rolling down hill by a force of 90 lb. applied 
in a direction parallel to the plane. What is the weight of the cart? 

8. A piece of wire is 60 cm. long and strong enough to support 50 kg. 
without breaking. The ends of the wire are fastened to two points on the 
same horizontal line, 48 cm. apart. What is the greatest load which can be 
suspended from the middle of the wire? 

9. The end of an electric transmission line in which there is a tension of 
850 lb. is fastened to the top of a vertical pole and also to a guy wire which 
can sustain a tension of 1,600 lb. What is the smallest angle which the guy 
wire can make with the pole? 

10 . A cake of ice weighing 500 lb. slides down an inclined plane which is 
50 ft. long and makes an angle of 30 deg. with the horizontal. Neglecting 
the force of friction, what is the speed of the block of ice when it reaches the 
bottom of the inclined plane? 
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Axis^' 


The forces acting on a body may neutralize each other in such 
a way that there is no tendency for the body to change either 
its motion of translation or its motion of rotation. The body 
is then said to be in equilibrium under the action of the applied 
forces. If the body is at rest, it will remain at rest, and if it is 
in uniform motion, — either motion of translation or motion of 
rotation, — ^it will continue to move 
with uniform motion. 

49. Torque. — ^The tendency of a 
force to produce rotation depends 
on the magnitude of the force and 
on the perpendicular distance be- 
tween the line of action of the 
force and the axis about which the 
rotation takes place (Fig. 28 ). It 
is proportional to the magnitude of 
the force and also to the distance between the line of action of 
the force and the axis of rotation. It is convenient to define 
torque or moment of force as the product of the force and the 
perpendicular distance between the line of action of the force 
and the axis of rotation. 



Fig. 28 . — Torque = force times 
perpendicular distance from force 
to axis. 


Torque = force X distance from axis. 

Example. — A man pulls at right angles to the spoke of a wheel with a 
force of 75 Ih. If the distance from the axis to the hand is 3 ft., what moment 
of force does he apply to the wheel? 

Torque = force X distance to axis. 

= 75 lb. X 3 ft. = 225 Ib.-ft. 

60. 'Conditions of Equilibriuni. — In order that a body be in 
equilibrium under the action of any number of forces, two con- 
ditions must be satisfied: (l)^The sum of the forces acting on 
the body in any direction must be equal to zero*^ When this 
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condition is satisfied, the body will have no tendency to change 
its motion of translation, since there is no net force acting on it. 

'■^ 2 ) In order that the body may have no tendency to change its 
motion of rotation, the sum of the moments of force tending to 
produce clockwise rotation about an axis must be equal to the 
sum of the moments of force tending to produce counterclock- 
wise rotation about this same axis^ Where this second condition 
is fulfilled, there is no net torque acting on the body, and its 
motion of rotation will not change with time: that is, if the body 
Q o already at rest, it will not start 

into rotation; and, if it is already 
in rotation, its rate of rotation will 
not change. 



C 

1 

IqL l\ 

Fig. 29.- 

%W^40lb. 
-Reactions due to 


weight supported by a weightless 
rod. 

40 lb. at a point 4 ft. from -4. 


Example. — A weightless rod AB (Fig. 
29) has its ends resting on supports. The 
rod is 10 ft. long and carries a weight W of 
Find the force exerted by eacli support. 


Forces downward = forces upward. 

40 = P + Q. 

Moments of force clockwise = moments of force counlerclockwise. 
Taking moments about C, 

4 X P = 6 X (3, 

whence 

P = 241b., and (3 = 16 lb. 


51. Center of Gravity. — Every particle of a body possesses 
weight, so that the pull of the earth on the body is made up of a 
large number of forces directed toward the center of the earth. 
For bodies of ordinary size these forces are essentially parallel 
to each other. Now if two or more parallel forces act on a body, 
they may be replaced by a single force which will produce the 
same translation and rotation as were produced by all of the 
forces. The magnitude of this single force is obtained by adding 
together all the parallel forces, and the point at which this 
resultant force must be applied is found by requiring that the 
sum of the moments tending to produce clockwise rotation about 
this point is equal to the sum of the moments tending to produce 
counterclockwise rotation. 

Suppose that there are two particles of mass, m and M (Fig. 30), 
at A and B, respectively, and that these particles are connected 
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with a light rod. These particles are attracted to the earth 
with forces which are nearly parallel to each other. If a point 
C in the rod is so chosen that 


mg X AC ^ Mg X BC, 


then the moments of force tending to turn the rod clockwise are 

just equal to the moments tending to turn it counterclockwise. 

If the rod is turned into some other position, the forces will be 

inclined at different angles to the rod, but the moments of force 

about C will still balance each other. _ 

m. c M 

Hence, it is possible to regard the x >u— 

two masses as concentrated at C, ....j-.. 

since the action of gravity on these 

two masses concentrated at C is the Fig. SO.—Center of gravity of 
same as its action when the masses rod connected by a 
are at the ends of the rod. Such a 

point at which it is possible to assume the masses concentrated 
without changing the action of gravity on them is called the 
center of gravity of the masses. 

If instead of these two masses we take a long thin rod (Fig. 31), 
then every particle of matter in the rod is acted on by the force 
of gravity, and the directions of these forces are essentially 
parallel to one another. By an extension of the reasoning by 
which two masses were considered, it is possible to find a point 0 
in the rod such that the moments of force tending to turn the rod 
^ clockwise about 0 are equal to the 

^ r .. [ . - f- . . - \ ^ moments tending to turn it coun- 

terclockwise. This point is the 
center of gravity of the rod, and at 

Fig. 31. — Center of gravity of a i n 

uniform bar. it we may. Consider all the mass of 

the rod to be concentrated. 


Whatever the shape and size of the body, it is always possible 
to find one point at which a force equal and opposite to the weight 
of the body can be applied so that the body will remain at rest. 
About this point the body has no tendency to rotate under the 
action of gravity, and at this point we may consider all the mn-gg 
of the body to be concentrated. If the body is balanced on a 
knife edge, this point will lie directly above the knife edge. The 
center of gravity need not necessarily lie in the substance of the 



44 


THE ELEMENTS OF PHYSICS 


body. Thus the center of gravity of a uniform ring lies outside 
the material of the ring at its center. 

Example. — Two weights, one of 5 lb. and the other of 15 lb., are con- 
nected by a light stiff rod 3 ft. long. Find the distance of the center of 
gravity from the 5-lb. weight. 

Let X — the distance of the center of gravity from the 5-lb. weight. 

3 — X — the distance of the center of gravity from the 15-lb. weight. 

Taking the center of gravity as the point about which to take moments 

5x = 15(3 - x). 

5x — 45 = — 15a;. 

20a; = 45. 

X - 2.25 ft. distance from center of ' 
gravity to 5-lb. weight. 

62. Method of Finding the Center of Gravity. — If a sheet of metal of 
uniform thickness be freely suspended from a point near one of its extremities, 
it will come to rest in such a position that the center of gravity is in the 
vertical line passing through the support. If this line be indicated by the 
position of a plumb line and marked on the body, the center of gravity lies 
in this line. If another point of suspension be selected and a vertical line 
through it marked in the same way, it will also contain the center of gravity. 
Since the center of gravity lies in each of these lines, it must lie in their 
intersection. 

63. Simple Cases of Center of Gravity.— The center of gravity of a rod of 
uniform^ density and of the same breadth and thickness throughout its 
length lies at the center of the rod. If such a rod is divided into particles, 
for every particle on one side of the middle point of the rod there is an 
equally heavy particle on the other side at an equal distance from the middle. 
In a rectangular plate of uniform thickness and density, the center of gravity 
lies at the intersection of the diagonals of the rectangle. This fact can be 
seen by dividing the plate up into narrow strips which may be considered as 
uniform rods in the preceding case. In the same way it can be shown that 
the center of gravity of a triangular lamina of uniform thickness and density 
lies at the point of intersection of the medians drawn from the angles of 
the triangles to the opposite sides. The centers of gravity of a sphere and 
a solid cube lie at their geometric centers. 

64. Types of Equilibrium.— The equilibrium of a body may be 
stable, unstable, or neutral. When a body returns to its original 
position after being slightly disturbed, the equilibrium is said to 
be stable. A cone standing on its base is an illustration of this 
type of equilibrium. When a cone (Pig. 32) on its base is raised 
slightly from the table on which it rests, it returns to its original 
position on being released. It is in stable equilibrium. If, 
however, the cone rests on its vertex and is then slightly displaced, 
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it tends to fall into a new position rather than return to its 
original position. In this case the cone is in unstable equilibrium. 
Any body which tends to get as far as possible from its original 
position when disturbed is in unstable equilibrium. A sphere 
resting on a horizontal table when 
slightly displaced tends neither 
to return to its former position 
nor to go still farther away from 
it; but it remains in any position 
in which it finds itself. Such a 
body is in neutral equilibrium. 

Figure 33 shows how a cone may be in stable, unstable, or neutral 
equilibrium. 



Fig. 32.- 


— Neutral, stable, and un- 
stable equilibrium. 



Fig. 33. — Stable, unstable, and neutral equilibrium of a cone. 


55. Stability of a Body. — The position of the center of gravity 
is of much importance in determining the stability of a body. 

The lower the center of gravity, the 
greater the stability of the body and 
the more difficult it is to overturn. A 
body becomes unstable as soon as the 
vertical line through the center of 
gravity falls outside its base. The 
body which must be lifted the greater 
amount, in order to make the vertical 
through its center of gravity fall outside 
the base, is the more stable. In case 

Fig. 34.-For equilibrium of ^ wagon (Fig. 34), in which the load 
the perpendicular through the is some distance above the ground, the 

center of gravity of the load is high. If 
the vertical line through the center of 
gravity of the load fall inside the wheels of the wagon, the 
load will not overturn. If, however, the wagon is driven over 
ground which is inclined so that one -wheel is raised above the 
other, the vertical line through tjie center of gravity approaches 



center of gravity must fall 
inside of the wheels. 
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the point at which the wheel is in contact with the ground. If a 
further elevation of one wheel above the other causes the line 
of action of gravity on the load to fall outside the wheels, the 
load will overturn. In order to avoid upsetting, it is, therefore, 
desirable to have the load as low as possible so that the center of 
gravity of the load may be as near as possible to the ground. 

66. Illustrations of Conditions for 
Equilibrium. — The forces acting on 
a ladder (Fig. 35) give an easy 
illustration of the two principles of 
equilibrium. If the wall is smooth, 
it exerts a force X on the top of 
the ladder in the hoiizontal direc- 
tion. At the foot of the ladder, 
there is a vertical force Y and a 
horizontal force R. The only other 
force is the weight of the ladder, W, 
which may be considered to be con- 
centrated at its center of gravity. 
Since the forces up must equal the 
forces down, and the forces to the right must equal forces to the 
left, 

F = IF 

and 

X = R. 



V7?7777777t^^777777/77Xr 

< — b — — >1 
Fig. 35. — Forces up equal 
forces down, and forces to the 
right equal forces to the left. 


Take moments about C. Since the lever arm of R and the 
lever arm of F are zero, neither of them produces a torque, 
but X produces a torque counterclockwise, and W a torque which 
is clockwise. Hence, 


Xa = TF6, 

where a is the perpendicular distance from C to X and b the 
perpendicular distance from C to W. 

Problems 

1 . A beam 18 ft. long is supported at its ends by two walls. Find the 
reactions of the walls against the beam when a man weighing 160 lb. stands 
on the beam at a distance of 8 ft. from one end. Neglect the weight of the 
beam. 
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2. A pole 14 ft. long weighing 60 lb. can be balanced at a point 6 ft. from 
the thicker end. If it were to be supported at its ends, how much force 
would be needed at each end? 

3. A uniform rod 15 ft. long weighing 70 lb. is supported at one end and 
at a point 3 ft. from the other end. Where can a weight of 30 lb. be attached 
to the rod so that the total force on each support will be the same? 

4. A uniform bar a yard long has fastened to it at one end a mass of 2 lb., 
and at the other a mass of 3 lb. The bar itself weighs 1 lb. Wliere could a 
single force be applied to balance the system, and how great would the force 
have to be? 

■ 6. A very light rod 120 cm. long has attached to it a mass of 2 kg. at one 
end, 15 kg. at the other end, and 12 kg. in the middle. Find the position 
of the center of gra\dty. 

6. A telegraph pole is placed on a two-wheeled truck located 8 ft, from 
the thicker end, and an upward force of 6 lb. at the thinner end is required 
to keep it horizontal. The pole is 18 ft. long and weighs 90 lb. Where is 
the center of gravity? 

7. A uniform bar weighs 40 lb. and is 8 ft. in length. From one end is 
suspended a mass of 18 lb., and from the other end a mass of 24 lb. At what 
point must the rod be suspended in order that it be in equilibrium in a 
horizontal plane? 

8. A square is acted upon by forces of 3, 6, 9, and 12 lb., along each side. 
The forces all act to produce rotation in the same direction. If the length 
of the side of the square is 12 in., what is the resultant torque tending to 
rotate the square about an axis through its center? 

9. A ladder weighing 40 lb. makes an angle of 30 deg. with the vertical. 
The length of the ladder is 20 ft., and its center of gravity is 10 ft. from 
either end. A man weighing 180 lb. is at a point 15 ft. from the lower end 
of the ladder. Find the horizontal force against the foot of the ladder, neces- 
sary to keep it from slipping. Neglect frictional forces of wall on ladder. 

10. Four weights of 2, 6, 8, and 12 lb. are placed along a straight bar at 
equal distances of 18 in. Neglecting the weight of the bar, find the position 
of the center of gravity. 

11. From a circular disk whose radius is 20 cm., there is cut out a circle 
whose diameter is 10 cm... Find the center of gravity of the remainder of 
the disk if the circular hole is in contact with the circumference of the disk 
at one point. 

12. A ladder resting against a smooth wall (Fig. 35) makes an angle of 
30 deg. with the vertical wall. If the ladder weighs 100 lb. and is 20 ft. long, 
find the force it exerts on the vertical wall and the horizontal and vertical 
force on the floor at C. 
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WORE, POWER, ENERGY 

57. Work. — When the point at which a force is applied moves, 
work is done. When a bucket of water is carried from the cellar 
to the attic, work is done which is equal to the weight of the 
bucket times the vertical distance through which it is lifted. The 
work is found by taking the product of the force and the distance 
through which the object moves. The force and the displace- 
ment must be measured in the same direction. 

Work = force X distance. 

W = FXS. (Appendix D-4.) 

If the force does not produce a dLsplacemont of the body, no 
work is done in the,,sense in which work is used in physics. A 
man holding a 10-lb. weight does no work in this sense because 
there is no displacement or movement of the mass. He exerts a 
force sufficient to overcome the pull of gravity on the mass. 
This, of course, requires an effort, but it is not work in the sense 
in which the word is used here. 

58. Gravitational Units of Work. — Since work is measured by 
the product of the force times the distamjc through which it 
acts, in order to measure work it is ncciessary to measure two 
quantities — ^force and distance. In the English system, the force 
is measured in terms of a unit of force which is ecpial to the pull 
of gravity on a mass of 1 lb., and the distance is measured in feet. 
In this system the unit of work is called the foot-pound. 

One foot-pound of work is defined as the work which is done 
when a force equal to the weight of 1 lb. acts through a distance 
of 1 ft. 

For example, 1 ft. -lb. of work is done when a mass of 1 lb. 
is raised a distance of 1 ft. at constant speed against the action of 
gravity. 

In the metric system the unit of work may be chosen as the 
gram-centimeter or the kilogram-meter. 

One gram-centimeter of work is defined as the amount of work 
which is done when a force equal to the weight of 1 g. acts through 
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a distance of 1 cm., and the kilogram-meter as the work which is 
done when a force equal to the weight of 1 kg. acts through a 
distance of 1 m. 

The gram-centimeter is the amount of work done when a 
mass of 1 g. is lifted a vertical distance of 1 cm. at constant speed 
against the action of gravity. 

Example. — A ton of coal is lifted from the street into a building. The 
height through which the coal is lifted is 10 ft. Find the work done. 

Work = force X distance. 

2,0001b. X 10 ft. = 20,000 ft.-lb. 

59. The Erg . — The gravitational units of work, like the ^ravi- 
tational units of force w^hich enter into them, depend on the 
place on the surface of the earth at which they are used. For 
this reason an absolute unit of work, the erg, is frequently used. 
An erg of work is the work done when a force of 1 dyne acts 
through a distance of 1 cm. Since the weight of 1 g. is equiva- 
lent to 980 dynes, a gram-centimeter of work is equivalent to 980 
ergs; that is, W’'hen a mass of 1 g. is lifted a distance of 1 cm. 
against the force of gravity, 980 ergs of work are done. 

Example. — Find the work done by a force of 750 dynes acting through a 
distance of 20 cm. ' 

Work = force X distance. 

Work in ergs = force in dynes X distance in centimeters. 

Work == 750 dynes X 20 cm. = 15,000 ergs. 

The erg is such a small unit of work that it is conveni^fe to 
define a much larger unit, the joule. A joule is defined to be 
10,000,000 ergs; i.e., 1 joule = 10^ ergs. 


Example. — How many joules of work are done by a force equal to the 
weight of 2 kg. acting through a distance of 2 m.? 


Work in joules — 


force in dynes X distance in centimeters 
10 ^ 


Work in joules 


2 kg. = 2,000 X 980 dynes. 

2,000 X 980 dynes X 200 cm 

39.2 X 107 
107 


39.2 joules. 


60. Power. — In defining work as the force multiplied by the 
distance through which it acts, it is to be observed that the ele- 
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ment of time does not enter. The same work is done in lifting 
a mass of 300 lb. a distance of 100 ft. whether the work is done in a 
day or in a minute. The same work is done whether the mass is 
carried at a single load or in two or more loads. The amount of 
work done is measured by the end result, and it does not in any 
way depend upon the time to do the work. In the consideration 
of a machine it is necessary to know more than the total amount 
of work which the machine can do. It is de^sirable to know the 
rate at which the machine can work. The time rate of doing 
work is called power. (Appendix D-4.) Hence, 

T. work force X distance 

rowfii , . "p 

« time time 

" = work per unit of time. 
z 

Since 



Power = force X velocity = Fv 

Example. — A horse hitched to a load of hay hauls it from the ground to 
the loft of the barn in 1 min. If the load weighs 500 lb. and if the height 
through which it is lifted is 20 ft., find the rate at which the horse is working. 

Work = force X distance 500 lb. X 20 ft. = 10,000 ft.-lb. 

V, force X distance 500 lb. X 20 ft. . j 

Power - - — 166.7 ft.4b. per second, 

time 60 sec. ^ 

I Horsepower and Watt. — ^The English unit of power is called 
theHEorsepower. A horsepower denotes the ability of a machine 
to do 33,000 ft.-lb. of work in 1 min. or 550 ft.-lb. in 1 sec. 

Example, — The maximum walking draft of a horse is about one-half of 
his weight. If the horse weighs 1,600 lb. and walks at the rate of 0.5 mile 
per hour, he is working at the rate of 


Horsepower 


0.5 X 5,280 X 1,600 
60 X 60 .X 550 X 2 


1.06 (hp.). 


The absolute unit of power is called a watt. A watt is a rate of 
work in which 10^ ergs of work are done per second. A watt is a 
joule per second. 

Example. — At what rate is a motor working when it lifts a weight of 
25 kg. through a distance of 4 m. in 5 min.? 
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Power in watts 


work in joules 
time in seconds 

25,000 X 980 X 400 _ 19.6 X W 
5X60X10^ 6X108 


3.3 (watts). 


62. Definition of Energy. — ^The flywheel of an engine will 
keep the machinery running for some time after the power has 
been shut off. The fl3rwheel, therefore, has energy and can do 
work. Inanimate bodies possess energy and can do work because 
work has been done on them at some previous time. Suppose 
that an elevator has lifted a 100-lb. mass from the ground to a 
height of 20 ft. The operation of lifting this mass' has required 
the expenditure of work which is equal to the work done in luting 
a weight of 100 lb. a distance of 20 ft., or 2,000 ft.-lb. of work. 
The mass in this new position possesses a capacity for doing work. 
If it is now allowed to slide down an incline in a suitable way, it 
may be made to return this work to some sort of a machine. 

In order to set a wheel spinning about its axis, it is necessary 
to exert a push or a pull on the spokes or on the tire. During 
this effort, energy is stored up in the wheel. When the wheel 
is once in motion, it continues to spin unless a force is applied 
to stop it. The work done on the wheel is stored up as energy of 
rotary motion. The energy which is thus stored up may be 
made available for doing work on other bodies. In all cases 
energy is required to set bodies in motion, and this energy is 
returned when the bodies are stopped. 

63. Potential and Kinetic Energy. — It is necessary to (^tin- 
guish between two types of energy: (1) potential energy aw (2) 
kinetic energy. The energy which a body has by virtue of its 
position or configuration is called potential energy. When a 
mass has been lifted above the surface of the earth, it has energy 
on account of its position. When a spring has been compressed 
or a bow has been bent, energy has been stored up. This energy 
can be again recovered and is potential energy. 

Any body which is in motion is able to set other bodies in 
motion by colliding with them. A bullet leaving the muzzle of a 
gun with a velocity of 300 m. per second has energy stored up 
in it. This is seen by the fact that when it strikes a body, it can 
overcome a considerable resistance. Common experience teaches 
that it is diflBcult to stop or change the direction of motion of a 
body moving with considerable velocity. This is because the 
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body possesses energy. That energy which a body has on 
account of its motion is called kinetic energy. Every body in 
motion has kinetic energy, and the faster the body is moving, the 
greater is this kinetic energy. The heavier the body, the greater 
the kinetic energy. 

64. Conservation of Energy. — ^The study of the various forms 
in which energy may occur and of the transformation of one kind 
of energy into another has led to the statement of a very impor- 
tant principle known as the conservation of energy. This prin- 
ciple may be stated as follows : In any body or system of bodies 
which is not receiving or giving up energy, the total amount of 
energy is unchanged. This principle states that energy can 
never be created or destroyed. It can be transformed from one 
form into another, but the total amount in the end is unchanged. 

A bullet leaves the muzzle of the gun with kinetic ejiergy which 
it received on account of the work done on it by the. expanding 
gases. As it passes through the air, it loses some of this kinetic 
energy because of the heat developed by the friction in the air. 
When it strikes the target, sound waves are sent out which carry 
away some of the energy. There may also be a flash of light 
which uses up some energy. Heat will be d(^v(dop(Hl in the target, 
and fragments of the bullet may carry away some of the energy. 
If all these energies are added together, tlu^y will be found just 
equal to the energy with which the bullet left the muzzle of the 
gun. 

6|^ The Measure of Potential Energy. — The measure of the 
potential energy which a lifted body, such as a pile driver, has on 
account of its position is equal to the work whi(di has ])een spent 
in lifting the body. If the height in feet through wliieh the body 
has been lifted is h and its weight in pounds is W, then tine poten- 
tial energy of the lifted body is 

Potential energy = Wh ft. -lb. 

Example. — A clock weight weighing 3 lb. is lifted 0 ft. against gravity. 
What is the potential energy thus stored up? 

Potential energy = Wh 

= 3 lb. X 6 ft. ==18 ft. -lb. 

Other examples of potential energy are found in the work done 
in winding a watch and in the work required to stretch an india- 
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rubber band. In these cases, the material of the spring or the 
rubber band is in a state of strain, and, on this account, the body 
possesses potential energy. It has been seen that when a body is 
at a height h and is then allowed to fall freely, all the potential 
energy is changed into kinetic energy. For example, if a pile 
driver weighing 2,000 lb. falls 15 ft., the potential energy is all 
changed into kinetic energy. 

66. Measure of Kinetic Energy. — To find the kinetic energy 
which a body possesses by \drtue of its motion, consider the work 
which must be done on it in order to give it a certain speed. 
When the body is stopped, it will give up an amount of energy 


y/=o 

[m] 

U 



Fig. 36. — Kinetic energy equals the work to produce the velocity = — 


which is equal to the work done in starting it. By definition, 
this latter is its kinetic energy. 

From New'ton’s second law of motion, the force necessary to 
make a body move with an acceleration a is 


F = Ma, 


where force is in dynes or poundals, mass in grams or pounds, 
and acceleration in centimeters per second per second or feet per 
second per second. 

Let s (Fig. 36) be the distance in centimeters or feet through 
which the body moves. Then the work done on the body in this 
distance is 

Work = Fs = Mas (ergs or foot-poundals). 

If the body starts from rest, its velocity in centimeters per second 
or feet per second at the end of t sec. is 

V — at 


where a is the acceleration in centimeters per second per second 
or in feet per second per second. 
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X . V 

Since the space passed over in t sec. is 5 = ^ since t = -) 

we have, by substitution, 

— 2 as 

and 

1 2 
as = 2 ^ • 

Substituting this value of as in the expression for the work 
done on the body, 

Mv^ 

Work = Fs = ergs or foot-poundals. (Appendix D-5) 

This expression gives the work necessary to cause a mass M 
to acquire a velocity v. This work does not depend on the 
distance covered or on the acceleration. It is determined solely 
by the mass of the body and its speed. If a retarding force is 
applied to this body so that it is brought to rest, the moving 
body will do work against this retarding force. When the body 
has come to rest, the amount of work which has been done will be 
just equal to the work done in starting the body. According to 
the law of conservation of energy, the energy spent in starting 
the body must be just equal to that derived from the body when 
it is stopped. Hence, 

Kinetic energy = ergs or foot-poundals. 


If the body has an initial velocity Vq and an initial kinetic 
energy the gain in kinetic energy is the work done on 

the body by the accelerating force. 

Gain in kinetic energy = accelerating force X distance 
— Fs = Mas 


(see page 15), 


Gain in kinetic energy — {v^ — vo^) ergs or foot-poundals. 

jQ 


If the body is decreasing in velocity, the loss of kinetic energy 
equals the work done by the body against the retarding force. 
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Loss of kinetic energy = retarding force X distance 
== f s = Mas 

Since in this case as = — ^ — 

M 

Loss of kinetic energy = (vo^ — v^) ergs or foot-poundals 


WTien it is desired to express the kinetic energy in foot-pounds 
or in gram-centimeters, instead of expressing it in foot-poundals 
or ergs, 

Kinetic energy — 

(mass in pounds) X (velocity in feet per second) - 
2 X 32.2 


where 

32.2 — the number of foot-poundals in one foot-pound, 


or 

Kinetic energy = 

(mass in grams) X (velocity in centimeters per second)^ 
2 X 980 

where 


980 = the number of ergs in one gram-centimeter. 

Example. — K an automobile weighing 3 tons is moving with a velocity 
of 30 ft. per second, what is its kinetic energy in foot-pounds? 


Kinetic energy = 


6,000 X (30)2 
2 X 32.2 


ft.-lb. 


= = 83,800 (ft.-lb.) 


Example. — A boy weighing 75 lb. starts to slide on ice with a speed of 
25 ft. per second. The retarding force due to the friction is 30 lb. How 
far will he go before coming to rest? 

Loss of kinetic energy = retarding force X distance. 

Loss of kinetic energy = '^32^ ~ x^2 ~ ~ ^ ^ 


75 X 625 
32.2 X 60 


24.3 (ft.). 


whence, 
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67. Transformations of Potential and Kinetic Energy.— The 

energy of a body is capable of changing its form from potential 
to kinetic or from kinetic to potential. Thus, suppose that a 
stone of weight W is supported on the edge of a cliff at the height 
h above the base of the cliff. The potential energy is the work 
done in lifting the stone a height h. Since the force with which 
the earth attracts the stone is W lb., the potential energy is 
Wh ft."lb. If the stone is allowed to fall freely, it loses its poten- 
tial energy but gains in kinetic energy. When the stone has 
reached the base of the cliff, all added potential energy has been 
changed into kinetic energy. At any point in the path of the 
stone, the sum of the potential and the kinetic energy is the 
same as at every other point. 

The swinging of a pendulum or the oscillation of a weight 
attached to a spring illustrates the way in which potential energy 
may be transformed back and forth. When the spring is elon- 
gated to the greatest extent, the mass has no velocity and no 
kinetic energy.. As the mass is released, it moves upward and 
acquires kinetic energy. Meanwhile, the potential energy stored 
in the spring is being transformed into kinetic energy. When 
the mass has risen to its highest point, the spring is compressed 
to the greatest extent and all of the energy is now stored in 
the spring as potential energy. The mass now begins to move 
downward and again acquires velocity and kineti(j energy. This 
interchange of kinetic and potential energy continues as long as 
the oscillations of the spring persist. 

68. Illustrations. — A windmill furnishes a good illustration of the trans- 
formation of kinetic into potential energy. The motion of the air imparts a 
certain motion of rotation to the wheel. The kinetic energy which the 
wheel possesses on this account is used to pump water into a tank. The 
work or energy required to lift this water comes from the energy of rotation 
in the wheel. The work done in lifting the water is stor(id uj) as potential 
energy. This energy may be again transformed into kinetic energy by 
allowing the water to flow out of the tank. 

Another illustration of the transformation of kinetic into potential energy 
is seen in a sprayer. Water emerging from the nozzle of the sprayer possesses 
kinetic energy. If the sprayer is directed upward, the water rises to a 
certain height before it stops. When the water comes to rest, all the kinetic 
energy has been transformed into potential energy. As the water falls back 
to the earth, the velocity increases and the kinetic energy increases, while the 
potential energy decreases. 
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Problems 

1. To what height can a piece of structural steel weighing ton be lifted 
if work amounting to 500,000 ft.4b. is done on it? 

2. How many foot-pounds of work are required to lift stone from the 
ground to build a cylindrical wall, 40 ft. high and 3.5 ft. thick, with an 
outside diameter of 70 ft. ? Density of stone, 140 lb. per cubic foot. 

3. A standpipe 80 ft. high has an internal diameter of 14 ft. How much 
work would be required to fill the standpipe with water: (a) if the water 
were pumped in at the bottom; (6) if it were pumped in at the top? 

4. Three men using a block and tackle are lifting a safe weighing 2,200 Ib. 
to a height of 30 ft. If each man develops hp., how long will it take to do 
the work? 

6. A crank 15 in. long is turned by hand at the rate of 100 revolutions 
per minute, a force of 6 lb. applied at a tangent to the circle described by the 
handle being required. Calculate the horsepower applied. 

' 6. A boat is moving through the water at the rate of 25 ft. per second. 
Its engines have a horsepower of 750. Find the resistance which must be 
overcome in moving the boat through the water. 

7. The brakes of an automobile which weighs 4,500 lb. can exert a retard- 
ing force of 600 lb. Find the distance the car will move before stopping, 
if it is traveling at the rate of 40 miles per hour when the brakes are applied. 

8. Find the average resisting force which is exerted in stopping the hammer 
of a pile driver weighing 500 lb. after it has fallen a distance of 20 ft., if the 
pile which is being driven moves a distance of 4 in. and no energy is lost at 
impact. 

9. A machine gun fires 300 bullets each minute with a velocity of 1,800 ft. 
per second. If the mass of each bullet is 0.025 lb., what horsepower is 
developed by the gun? 



CHAPTER VI 


FRICTION 

69. Nature of Friction. — When a heavy block of wood is 
pushed along the top of a table, a certain resistance is encoun- 
tered. By making the surface of the table and the surface of 
the block very smooth, the amount of this resistance can be 
much decreased. No matter what the nature of the surfaces 
which are moving over each other, there is always some resistance 
or opposition to the motion. This resistance, the amount of 
which depends on the characteristics of the rubbing surfaces, is 
called friction. 

70. Kinds of Friction. — Friction always opposes the motion, 
whatever its direction. It never tends to push the body either 
forward or backward. It merely tends to stop the motion and 
make it more difficult to move the body. It is more difficult to 
start the body than it is to keep it in uniform motion when once 
started. There are for this reason two kinds of friction, kinetic 
friction and static friction. The former is the force to keep the 
body moving with uniform speed. The latter is the force to start 
the body from rest. Kinetic friction is less than static friction. 

71. Laws of Friction. — ^The laws which determine the amount 
of friction between the dry surfaces of solids are as follows: 

1. The friction between two sliding surfaces is nearly inde- 
pendent of the velocity. 

2. If the force perpendicular to the surface remains the same, 
the friction does not depend on the area of the rubbing surfaces. 
This statement is only approximately true. 

3. The force of friction is proportional to the total force pressing 
one surface against another. 

4. The force of friction is greater at the start than after motion 
has begun. 

72. Coefficient of Friction. — In order to describe with some 
accuracy the characteristics of the rubbing surfaces, it is custom- 
ary to define what is known as the coefficient of friction. If 
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the force at right angles to the rubbing surfaces (Fig. 37) is 
Pj and the force required to just draw one surface over the other 
with uniform speed is F, then F /P is called the coefficient of 
kinetic friction. It states that the quantity obtained by di\dding 
the force of kinetic friction by the force perpendicular to the 
rubbing surfaces is a constant which is characteristic of the 
rubbing surfaces. 

Coefficient of kinetic friction = 

force of friction _ F 

force pressing bodies together P 
Coefficient of static friction = 

force necessary to produce motion 
force pressing bodies together 


An approximate idea of the magnitude of this coefficient of 
kinetic friction is found by observing p 

by means of a spring balance the 
force necessary to draw the body 
along a horizontal surface with uni- 
form velocity and then dividing this 
force which is equal to the force of 
friction by the weight of the body 
(see table, page 767). 


B ^7z^7y/yyyhy}/777P/7yy7y;^ 


Fig. 37. — The coefficient of fric- 
tion is equal to the force of 
friction divided by force per- 
pendicular to the plane. 


Example. — A mass of 25 lb. rests on a 
rough horizontal plane. The force re- . 
quired to pull this mass along with uniform velocity is 2.5 lb 
the coefficient of kinetic friction? 


What is 


Coefficient of kinetic friction 


force equal to friction 


force pressing bodies together 
F __ 2.5 lb. 

^ P 25 lb. 


= 0 . 10 . 


73. Rolling Friction. — The friction of a solid rolling on a sur- 
face is less than the friction of a solid sliding over a surface. For 
this reason, instead of hauling on a sled, a farmer uses a wagon. 
In this case, there is still some friction between the wheels of 
the wagon and the road bed and between the surface of the axle 
and the hub sliding over it. This latter source of friction may be 
reduced by using what is known as roller or ball bearings (Fig. 
38). Then the sliding friction in the hub is replaced by rolling 
friction which is much smaller. When a car wheel rolls on a level 
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track (Fig. 39), it is flattened a little where it rests on the track 
and also makes a slight depression in the track. As the wheel 
rolls, it is forced continually to climb up out of this depression. 
This requires an additional force which is rolling friction. If 


Fig. 38. — Roller bearings and ball bearings reduce frictional forces. 

the road bed were made of steel, this depression would be very 
slight and difficult to detect. On soft dirt road it is considerable. 
It is less where the wheels of the wagon are provided with wide^ 
tires. On steep inclined railways running up the sides of moun- 
tains, it is necessary to provide 
the drive wheels of the engine 
with cogs which fit into a 
cogged rail. This is because 
sliding friction is not large 
enough to prevent the wheels 
from slipping. When the rails 
of an ordinary railroad are wet 
or covered with ice, the friction between the rails and the wheels 
is small, and the wheels slip on the track making it difficult for 
the engine to pull the load. For this reason the engine is 
provided with means of supplying sand to the track, by which 
the friction is increased and slipping is prevented. 

74. Advantages of Friction. — Friction has many advantages as well as 
many disadvantages in machines. Except for friction between the shoes 
and the pavement, a person could not walk. When the pavement is covered 
with ice, friction is small and walking is difficult. On account of friction, 
belts cling to the pulleys and drive the machinery. The brakes on a wagon 
or on an automobile stop the wagon or automobile by means of friction. 
Screws and nails hold their places in the objects into which they are driven 
by means of friction. 

75. Efficiency of Machines. — Every machine wastes energy 
on account of friction. Consequently, the work put into the 


A B 



Fig. 39. — Deformation of surfaces by 
roller bearing. 
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machine is always more than that obtained from it. This loss 
decreases the efficiency of the machine. The efficiency of a 
machine is defined to be the ratio of the work done by the 
machine to the work done on the machine. It is, therefore, the 
output of the machine divided by the input. 


Efficiency = 


work done 
energy supplied 


output of energy 
input of energy 


Example. — With a block and tackle a horse exerting a force of 500 lb. 
lifts 2,000 lb. a distance of 10 ft. If the horse moves a distance of 42 ft. in 
moving this load, what is the efficiency of the block and tackle? ^ 


. _ work done by the machine _ 2,000 lb. X 10 ft. 

ciency — on the machine 500 lb. X 42 ft. 


95 per cent. 


76. Action of Lubricants. — If a layer of liquid is introduced between two 
rubbing surfaces, the liquid flows over each of these surfaces and adheres to 
them and a layer of liquid is held rigidly to each of the surfaces. In such 
cases, instead of having friction between the liquid and the solid, there is fric- 
tion between the layers of the liquid. When oil is poured into the bearings 
of a machine, it forms two layers over the metal surfaces. The sliding then 
takes place for the most part between these 
layers of oil. Since the friction between the 
layers of the oil is much less than it is between 
the surfaces of the metal, the energy lost by 
friction is much decreased. 


B 







Aw 




77. Friction on an Inclined Plane. — 

Let AB (Fig. 40) be a board on which 
rests a block W, and let the board be „ ^ . 

inclined at such an angle that the block friction = tangent of angle 
will just slide down the plane with uni- o^^^P^^se. 
form velocity when once started. If CD represents the 
weight of the block, its components parallel to the plane and at 
right angles to the plane are DE and CE, The force of friction 
between the block and the plane is parallel to the plane and in 
the opposite direction to BE, Le., up the plane. Since the block 
experiences no acceleration, the force up the plane is equal to the 
force down the plane. 


F = BE = W sin x. 

The force perpendicular to the plane = CE. 

p = CE == DC cos a; = TF cos x. 
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Coefficient of kinetic friction = ^ 


DE 

CE 


.sin .. 
W cos X 


= tan X. 


Hence, the tangent of the angle at which the block slides down 
the plane with uniform velocity when once started is numerically 
equal to the coefficient of kinetic friction. This angle is known as 
the angle of repose. 

78. Power Transmitted by a Belt. — Where a pulley is being 
driven by a belt (Fig. 41), the tensions in the 
straight parts of the belt are not equal. They 
differ by the friction which is exerted between 
the belt and the pulley. Let T 2 be the tension 
41 r ' which is moving toward 

tion between the the pulley and Ti the tension in that part 
belt^and the^pul- which is moving away from the pulley, and let 
ley - (Ti 2). ^ velocity with which the belt is moving. 

The force of friction between the belt and the pulley is Ti — T 2 . 

The work done per minute by the belt = (Ti — T 2 )V ft.~lb. 

(fi - T2)V 
33,000 



The horsepower delivered to the pulley = 


Example. — The tension on one side of a belt is 300 lb. and that on the 
other side is 100 lb. The belt is moving 300 ft. per minute. Find the 
horsepower delivered to the pulley. 


Horsepower 


(300 - 100) 300 
33,000 


1.8 (hp.) 


Problems 

1. A locomotive has 60 tons of its weight resting on its driving wheels. 
What is the greatest pull the engine can exert before slipping begins, if the 
coefficient of friction between wheels and rails is 0.15? 

2 . A weight of 6 lb. hanging over the edge of a table on a cord is just 
sufficient to drag a 48-lb. mass along the horizontal surface of the table with 
unchanging velocity. Wliat is the coefficient of friction? 

3 . A brake shoe is pressed against the rim of a wheel with a force of 80 lb. 
If the coefficient of friction between the surfaces is 0.18, how much frictional 
force is developed? 

4 . A casting weighing 220 lb. is lifted 2 ft. from the floor by means of a 
chain hoist by the application of a force of 50 lb. through a total distance of 
30 ft. What is the efficiency of the chain hoist? 

6. Water is to be pumped to a height of 40 ft. at the rate of 165 gal. per 
minute. If the pump is 60 per cent efficient, what horsepower must be 
available to drive it? 
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6. The angle of repose for a 204b. block of metal on an incline is found 
to be 10 deg. How much force, parallel to the incline, is necessary to cause 
the body to begin to move up the incline? 

7 . A block slides down a plane which is inclined 40 deg. with the hori- 
zontal. If the coefficient of friction between the block and the surface of 
the incline is 0.2, find the acceleration of the block- 
s'. A block rests on a plane which is inclined at an angle of 30 deg. to the 

horizontal. The coefficient of friction between the block and the plane is 
0.12. If the block weighs 30 kg., what is the force, parallel to the incline, 
necessary to cause it to slide up the plane? 

9. A block of ice weighing 25 kg. is given a speed of 10 m. per second on 
the surface of a pond where the coefficient of friction is 0.015. How far will 
the ice go before coming to rest? 

10 . Find the greatest speed at which a locomotive and train can run 
if the engine and train weigh 150 tons and frictional resistance to motion 
on the level is 12 lb. per ton weight. The engine develops 180 horsepower. 

11 . What force acting at an angle of 30 deg. with the horizontal is neces- 
sary to move a mass of 10 lb. with uniform velocity along a horizontal 
surface, the coefficient of friction being 0.2? 



CHAPTER VII 


SIMPLE MACHINES 

79. Levers.— A lever is a very simple form of machine. In 
Fig. 42 the three possible cases are shown. In one of these cases 
the fulcrum F is between the forces, and in the other cases it is at 
the end of the lever. 



A 


Fig, 42. — Three different types of lever classified according to the position of the 
fulcrum and forces. 

The simplest kind of lever is one in which the arms are of equal 
length. The scale beam on a pair of ordinary balances (Fig. 43) 
is such a lever. In this case equal forces or weights at the ends 

of the lever just balance each 
other. Usually the distances of 
the forces from the point at which 
the lever is supported are not 
equal, and for equilibrium in such 
cases the forces must also be 
unequal. The larger force, at a 
smaller distance from the fulcrum, 
then has the same tendency to tip the lever as does the smaller 
force at a greater distance. 

80. Law of the Lever.— Any lever is balpced when the sum 
of the moments of force tending to produce rotation clockwise is 
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equal to the sum of the moments of force tending to produce rota- 
tion counterclockwise. If only one force is applied and one force 
overcome, this law may be stated as follows: A lever is balanced 
when 


Weight X weight arm = force X force arm. 

This law states that when a lever is balanced under the action 
of two forces, the forces applied to the lever are inversely pro- 
portional to their distances from the fulcrum. 

81. Levers in the Body. — In order to get food, and preserve life, the higher 
animals make use of a series of levers to move their bodies in whole or in 
part. These levers are generally made of bone and generally work against 
a bony fulcrum. Normally, the head acts as a lever in which the force is 
applied close to the fulcrum. Other illustrations of the lever are found in 
the movements of the forearm, the foot, and the lower jaw. 

82. Mechanical Advantage. — ^In all simple machines like 
levers a certain advantage is obtained by the use of the machine. 
This advantage does not consist in an increase or in a decrease of 
the work performed by the machine. Neglecting friction, the 
work done on the machine must always be the same as the work 
done by the machine. This law follows from the law of conser- 
vation of energy. By means of a suitable lever or other machine 
it is possible, however, to exert a large force by the application of 
a small force. The large force will act through a small distance, 
and the small force through a large distance, so that the work 
done in the two cases will be the same. 

The ratio of the resistance or the force overcome to the applied 
force is called the actual mechanical advantage. Because of 
friction the actual mechanical advantage is always less than the 
ideal or theoretical mechanical advantage. 

Example. — By means of a crowbar which is 6 ft. long, a man lifts a stone 
which weighs 330 lb. The distance from the fulcrum to the stone is 0.5 ft. 
and the distance from the fulcrum to the point at which the man pushes is 
5.5 ft. The man finds it necessary to exert a force of 30 lb. What is the 
mechanical advantage of the lever? 

Mechanical advantage = overcome 

force applied 30 lb. 

Mso applying the principle of moments, 
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Force overcome X lever arm = force applied X lever arm. 


RXa 

R ^ 
F a 


^FXb. 

~ = 11 
0.5' 


83. Levers of the First Class.— When the fulcrum is between 
the force applied and the force overcome, the lever is known as a 
lever of the first class. A pair of scissors is an illustration of this 
type of lever. If the distance from the s(‘.re\v which a(*ts as ful- 
crum to the handles at which the force is apjilied is three times as 
great as the distance from the screws to the object on which the 
scissors are cutting, then a force of 10 lb. ai)plied to the handles is 
capable of exerting a force of 30 lb. on the material which is being 
cut. 

Example, — The length of a pump handle from point at which the 
force is applied to the bolt which is acting as fulcniin is 30 in. The length 
of the weight arm is 3 in., and a force of 50 lb. is applied to the handle. 
Find the weight which can be lifted and the mechanical advantage. 

Weight X weight arm ~ force X force arm. 

Weight X 3 in. == 50 lb. X 30 in. 

Weight = = 500 lb. 

, -11 ^ force overcome 500 

Mechanical advantage — . ; lO. 

force applied 50 


84, Levers of the Second Class.—Somctimos the fulcrum of 
the lever is located at one end, as shown in Fig. 44. The principle 
of moments applies in this case as in the preceding case. The 


VforceF 


Fu/crum^ 


' Le\<er arm b - 




Weight 


■ V/eighfarma 


I 


Fig. 44. — A lever of the second class. Weight X weight arm = force X force 

arm. 


moment of force tending to tip the lever down must be equal to 
the moment of force tending to tip it upward when the lever is bal- 
anced. One of these forces tends to rotate the lever in the direc- 
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tion in which the hands of a clock moves; the other tends to rotate 
it in the opposite direction. For equilibrium, 

F X 6 = TF X a. 

This type of lever is found in the ordinary wheelbarrow. The axle of the 
wheel is the fulcrum, the load is the weight, and the force applied to 
the handles corresponds to F in Fig. 45. 

When the force W multiplied by its distance 
from the axle is just equal to F multiplied 
by its distance from the axle, the legs of 
the wheelbarrow can just be lifted from the 
ground. 


Fig. 45. — A wheelbarrow is a Fig. 46. — Principle of lever 

lever of the second class. The axle illustrated in a claw hammer, 

is the fulcrum. 

A claw hammer (Fig. 46) used to draw nails illustrates this type of lever. 
The damper regulator of a hot-water boiler (Fig. 47) is also a lever of this 
kind. By moving the weight w outward, the force at g necessary to operate 
the damper is increased. 





a 


Fig. 47. — Damper regulator for hot-water boiler is a type of lever. 

85. Levers of the Third Class. — A lever of the kind shown in 
Fig. 48 is known as a lever of the third class. The applied force 
is exerted between the fulcrum and the force which is overcome. 
A pair of fire tongs or a pair of shears for cutting grass belong 
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to this type of lever. The treadle of a sewing machine and the 
bones of the forearm together with the muscles operating them 
are levers of this class. 



\//, 

Fig. 48. — A lever of the third class. The force overcome is less than the force 

applied. 

86. The Balance. — The balance (Fig. 49), which is an instru- 
ment for comparing masses, is a lever of the first class with equal 
arms. It consists of a light strong beam supported at its center 
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beam by knife edges. When a mass is placed in one of the pans, 
there is a moment of force tending to rotate the beam about the 
central knife edge. When an equal mass is placed in the other 
pan, there is an equal moment tending to rotate the beam in the 
opposite direction. If the lengths of the arms of the balance are 
equal and the masses are equal to each other, the moment of 
force tending to rotate the beam in one direction is just equal to 
the moment of force tending to rotate it in the opposite direction. 
When the center of gravity of the balance lies below the knife 
edge, the beam of the balance will return to its original position 
of equilibrium. The pointer which projects downward from the 
center of the beam will oscillate back and forth about its equilib- 
rium position. 

87. Double Weighing. — In case the arms of the balance do not 
have the same length, the true weight of the body may be deter- 
mined by weighing it first on one side and then on the other side 
of the balance. Let h and U denote the lengths of the arms, and 
W be the true weight of the body. Suppose the body when 
hanging from the arm li is balanced by a weight in the other 
pan. Suppose also that when the body hangs from the arm h, 
it requires a weight TFi in the pan hanging from the arm li to 
balance it. Then for the first case, by the principle of moments, 

W X ^1 = W 2 X ^2, 
and for the second case 

Wi yc ii = w X ^2- 

By dividing the first of the equations by the second, 

Wi w’ 

■pP'2 = WlW2- 

w = VWxWl. 

Hence, in order to get the true weight of a body when the balance 
does not have equal arms, weigh the body first in one scale pan 
and then in the other. The square root of the product of the 
weights required to balance the body when placed first in one 
pan and then in the other is the true weight of the body. 

Example.—An iron sphere when placed in the right-hand pan of a scale 
balance required 80.0 g. to balance it. When placed in the left-hand pan 
it required 80.5 g. to balance it. Find the true weight of the sphere. 
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True weight == W = ■\/WiW 2 

- VBO.O g. X 80.5~g- = 


88. Wheel and Axle. — A wheel and axle (Fig. 50) consists of 
a large and a small wheel fastened together on the same axle. 
The small wheel is usually itself the axle. It is in reality a lever 
of the first class with the center of the axle as fulcrum. To a rope 
wound around the axle is fastened the weight which is to be lifted. 
The force is applied to the rim of the wheel and will be called F. 
If r isThe radius of the axle and R the radius of the wheel, then 
the moment of force tending to produce rotation 
counterclockwise is FR and that tending to 
produce rotation clockwise is Wr. 

F X r = F X R. 

= the mechanical advantage. 

t T 

From the above equation it is seen that the 
mechanical advantage of a wheel and axle, 
which is equal to the force exerted by the wheel 
and axle divided by the force applied to it, is 
equal to the radius of the wheel divided by the 
radius of the axle. 



Fig. 50. — Wheel 
and axle. Equiv- 
lent to a simple 
lever with the ful- 
crum at the center 
of the wheel. 


Example. — Let the radius of the wheel be 30 cm. and the radius of the 
axle be 7 cm. When a force of 10 kg. is apidiod to the wheel, find the force 
exerted on the rope wound around the axle. 

Applying the law of moments, 


\V 


The mechanical advantage = — = — 


W X r - F X R. 

If X 7 = 10 X 30. 

300 

-y- 42.8 kg. 

If R 
F 


30 

7 


4.28. 


89, Pulleys. — A pulley consists of a wheel with a grooved 
rim, called a sheave, free to move about an axle which is mounted 
in a frame called a block. A flexible rope or cord passes over the 
groove in the rim of the wheel. To the ends of this rope are 
applied the weight and the force which overcomes this weight. 
In the case of a simple fixed pulley, as in Fig. 51, equal forces or 
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weights applied to the ends of the rope just balance each other. 
Neglecting friction, the tension in the rope is everywhere the 
same, and the mechanical advantage of the pulley is unity. 
There is, therefore, no advantage in such a pulley except that, it is 
sometimes more convenient to pull down on the rope than it is to 
lift the weight directly. 

When the pulley is movable as in Fig. 52, and the weight is 
attached to it, it is evident that the weight is supported by two 
parts of the cord. It is, therefore, necessary for each of the 




Fig. 51. — Single 
pulley. It only 
changes the direc- 
tion of the applied 
force. 



Fig. 52. — A fixed and 
movable pulley. The force 
overcome is double the 
applied force. 


cords to exert a pull equal to only one-half of the weight. If the 
weight is lifted, it moves only one-half as far as the free end of 
the cord to which F is applied. Applying the principle of work 
to this simple machine, it is seen that if the weight W is lifted 
a ft. and the force F moves h ft., then 

W X a == F X b, 

^ ~ = 2 = the mechanical advantage. 


90. Combination of Pulleys. — ^Fixed and movable pulleys are 
combined in a variety of ways according to the needs. It is 
quite common to use a fixed block with two or more sheaves and 
a movable block with two or more sheaves in it, as shown in 
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Fig. 53. — Fig. 54.- Another 

Block and form of block and 
tackle with tackle with rope fas- 
rope fastened tened to the fixed 
to movable pulley (W /F) 4. 

pulley iW/F) 

= 5. 


Figs. 53 and 54. The weight is fastened to the movable block, 
one end of the rope is attached to the movable or to the fixed 
block, and the force applied to the other end of the rope. If the 

weight is supported by five ropes 
(Fig. 53), the pull on each rope is 
one-fifth of the weight. Hence, 
the force required to move the 
weight is only one-fifth as great 
as the force required to lift it 
without the system of pulleys. 
If the weight is supported as in 
Fig. 54, the force overcome is four 
times the applied force. Figure 
55 shows another possible way in 
which pulleys can be combined. 

91. The Differential Pulley.— 
Where? heavy weights are to be 
lifted, use is often made of a 
differential pulley (Fig. 56) . This 
pulley consists of two sheaves of 
different diameters in the fixed block. These sheaves are rigidly 
fastened together. Ip. the movable block there is one sheave. 
An endless chain passes over 
each of the sheaves. Teeth-like 
projections extend from the rim 
of the sheaves. Over these teeth 
the links of the chain fit so that 
the chain will not slip. 

Let the force P move down far 
enough to cause the fixed pulley 
to turn around once. If R is 
the radius of the larger sheave 
and r the radius of the smaller 
sheave, the work done by P will ss.-Combina- 

be 27 rR X P. Since r is the tion of fixed and mov- 
radius of the smaller sheave in the Pulleys (W/F) == 8. 

fixed pulley, the length of chain 
unwound in one revolution is 27rr. The weight W will be lifted 
}'i{2'7rR — 27rr), and the work done on W is therefore Wt{R — r). 
Applying the principle of work to the pulley, since input = output, 



Fig. 56.— 
Differential 
pulley with 
endless chain. 
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W 

P 


W X ^ X ^TTie. 

2R 

= the mechanical advantage. 

R — r 


The mechanical advantage will be determined by the radius of the 
larger sheave in the fixed pulley and by the difference between 
the radii of the sheaves in the fixed pulley. When the difference 
between the radii of these two sheaves is small, the mechanical 
advantage of the differential pulley is large. 

Example. — A man wishes to lift a mass of 1 ton by means of a differential 
pulley. The radius of the larger pulley is 8 in. and that of the smaller 7 in. 
Find the force the man must exert. 


Then 

and 


Weight lifted __ 2R 
Force exerted R — r 
W _ 2R 2X816 

F R -r 8-7 

W - 2,000 lb. 

2,000 lb. _ 16 
F 1 


„ 2,000 lb. 

^=— 16 “ 


125 lb. 


92. Inclined Plane. — Suppose a man must raise a block of ice 
from the ground into a wagon. Evi- ^ 

dently the simplest way is to lift it 
vertically. But if the weight is too 
heavy for the man to lift, he can get a 
plank and put one end of the plank on 
the ground and the other on the rear 

^A^ y Sr 1 ^ 

of the wagon. Although the ice is ^ 

too heavy to lift, the man can push it ST.-Melamcai ad- 

Up the plank which acts as a simple vantage of an inclined plane — 
machine known as an inclined plane. parallel to the plane. 

When a body rests on such an inclined plane (Fig. 57), the weight 
of the body acts vertically downward. The plane pushes on the 
body in a direction perpendicular to the surface of the plane. If 


there is no friction between the plane and the body, it is necessary 
to apply a third force to the body in order to keep it from slipping 
or to make it move up the plane. Every street or road which is 
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not level is such an inclined plane. Experience teaches that the 
steeper the plane, the greater the force required to haul the load 
up the incline. 

Suppose a weight of W lb. is pushed from the bottom to the 
top of the plane a distance I ft. It has l)een lifted a height h, and 
the work done is 


Wh ft.4b. 


If F is the force parallel to tlie face of the plane, the work done 
by this force in moving the body the entire length of the plane is 

FI ft.-lb. 


Neglecting friction, 


W 

F 


F XI = W Xh. 

Y = the mechanical advantage. 
n 


Since the mechanical advantage is defined to be the ratio of the 
force overcome to the force applied, W /F is the mechanical 
advantage of the plane, and this is equal to the ratio of the length 
of the plane to its height. In order, therefore, to have the 
mechanical advantage as large as possible, the inclination of the 
plane should be as little as possible. 

Example. — A mass rests on an inclined plane whoH(^ knigUi is 8 ft. and 
whose height is 3 ft. Find the mechanical advant,a,g(‘. 


Tlie mechanical adyantage 


force to lift mass 
force to push it up i)ia,no 


length _ I 
height h 


93. Grade. — The ratio of the height, of an inclined plain' to the length of 
its base is of much importance in the construction of roads. This ratio is 
expressed by engineers as so many feet rise per XOO ft. a, long tJie horizontal 
distance. Suppose a road rises 3 ft. per 100 ft. iiu^asured horizontally, then 
the road has a 3 per cent grade. On such a grade the fori'.e required to move 
the load up the incline is only about 3 per cent of the force recpiircd to lift 
it directly. Consequently a team of horses can pull a much heavier load 
up such a grade than can be lifted directly. In the constnndrion of roads it 
becomes important to have the slope as gentle as possible. 


94. Wedge. — If, instead of pulling the load up the inclined 
plane, we push the inclined plane under the load, the inclined 
plane is known as a wedge (Fig. 58). Wedges are usually double 
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inclined planes with the force acting parallel to the base of the 
plane. The force is often applied by a blow from a hammer. 
To make the mechanical advantage of the wedge large, the angle 
of the wedge should be small. It then requires less force to drive 
the wedge. It is impossible to give a simple expression for the 
mechanical advantage in this case because friction cannot be 
neglected, and the resistance to be overcome is not constant all 
over the face of the plane. The principle of the inclined plane is 
used in many cutting tools such as the ax, the chisel, and the 
plane. 



Fig. 58. — The wedge — two inclined planes. 


95. The Screw. — The screw, which consists of a cylindrical 
rod of metal around which has been cut a groove or thread rising 
uniformly, is really another form of the inclined plane. A similar 
thread cut in the iron base or nut fits the thread of the screw. 
When the screw is turned around once, it moves upward a distance 
equal to the distance between the successive threads. This 
distance between the successive turns of the thread is called the 
pitch of the screw. If the head of the screw is supporting a 
weight of 1 ton, and the screw makes one complete turn, the 
weight is lifted the distance between two successive threads, i.e., 
through a distance equal to the pitch of the screw. If the pitch 
of the screw is 0.01 ft.^ the work done by the screw when turned 
once around is 2,000 X 0.01 == 20 ft.-lb. The moving force is 
exerted through a distance equal to the circumference of the 
circle traced out by one end of the bar or handle used to turn 
the screw. 

96. The Jackscrew. — When large forces must be exerted, a 
type of screw known as the jackscrew is often used (Fig. 59). 
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Let p be the pitch of the screw, W the weiglit to be lifted, F the 
force applied to the lever arm, and r the radius of the lever arm. 
In one complete turn of the screw, the output is the weight lifted 



times the distance through which it is 
lifted. 

W X p. 

The input is the force applied times the 
distance through whicli it a(‘.ts. 

F X 27rr. 

By the principle of work, 


Fig. 59. — Thejackscrew 
combines the principle of 
the lever and that of the 
inclined plane. 


W X V ~ 2ttF. 


F p 


the mechanical advantage. 


Hence, the mechanical advantage is equal to the circumference 
traced out by the end of the lever in one complete revolution 
divided by the pitch of the screw. The meclianical advantage 
may be made large by making the pitch of the screw small or 
by making the lever arm long. 


Example. — Suppose the length of the lever arm us(id with a jackscrew 
is 5 ft., the pitch of the screw is 1 in., 
and the weight to be lifted is 10 tons. 


Output = input. 


20,000 X jh (ft.-lb.) - 




F X 5 X 27r (ft.db., 
^° = 53 1b. 


The friction in the screw will make it ^ 

necessary to apply a force somewhat 
greater than the theoretical value, PUD 

97. Combinations of Simple Ma- ,,, . , . . . 

• 1 Fig. 60, — A machimst s vise eom- 

clunes.-Maohinery is a more or less biuos th^- principle of the lever and 
complicated combination of levers, the screw, 
pulleys, wheels and axles, and screws. 

The machinist's vise (Fig. 60) combines the principle of the screw and the 
principle of the lever. A builders' crane is made up of a movable pulley to 
which the weight to be lifted is attached. The force is applied through 
wheels and axles. Each of these wheels and axles has a mechanical advan- 
tage equal to the radius of the wheel divided by the radius of the axle. The 
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total mechanical advantage of the machine is found by multiplying together 
the mechanical advantage of the separate parts. 

Problems 

1. A nutcracker is 6 in. long, and the distance from the center of the nut 
to the fulcrum is 1 in. If the force required to crack the nut is 15 lb., how 
great a force must be apphed at the end of the handle ? 

2 . A beam balance has the knife edges supporting the pans placed 10 cm. 
away from the pivot supporting the beam. A rider weighing 10 mg. is 
placed 3.4 cm. to the right of the pivot; what mass placed in the left-hand 
pan will restore equilibrium? 

3 . A horse-driven capstan has a drum with a diameter of 15 in., and the 
lever to which the horse is hitched is 16 ft. long. What force is applied 
to the rope when the horse pulls 175 lb., assuming that friction can be 
neglected? 

4 . A grindstone has a diameter of 26 in., and it is driven by crank with a 
length of 8 in. If a force of 24 lb. is applied perpendicular to the crank, how 
much frictional force tangential to the rim of the stone can be overcome? 

6. A windlass with a drum 6 in. in diameter has a crank arm 28 in. long. 
It operates with an efficiency of 80 per cent. What force must be applied 
to the crank in order to raise a load of 160 lb.? 

6. A system of pulleys consists of a movable block with two pulleys 
and a fixed block with three pulleys. If one end of the rope is fastened 
to the movable block, what mechanical advantage is obtained? How far 
must the free end of the rope be pulled in order to displace the movable 
block through 1 ft. ? 

7. The axle of a capstan is 12 in. in diameter. There are six bars or 
levers projecting from the capstan, and a man exerts a force of 25 lb. at 
the end of each bar. How long must the bars be, in order that six men may 
raise a weight of 1.25 tons? 

8 . A jackscrew, which is to be used for lifting a weight of 3 tons, has a 
pitch of iii-j a lever arm 40 in. long, and an efficiency of 30 per cent. How 
much force must be applied perpendicular to the lever? 

9. A jackscrew with a pitch of 0.25 in. has a handle 30 in. long. A force 
of 20 lb. must be applied when a load of 6,600 lb. is being lifted. Calculate 
the theoretical mechanical advantage, the actual mechanical advantage, 
and the efficiency. 

10. Calculate the force available between the jaws of a vise with a screw 
of }i-m. pitch, when a force of 35 lb. is applied to the lever at a distance of 
1.25 ft. from the center of the screw, if the efficiency of the screw is 40 per 
cent. 

11 . In a differential pulley, the inner drum has a diameter of 8 in. The 
mechanical advantage is 15. What is the diameter of the outer drum? 

12. Find the mechanical advantage of a differential pulley in which the 
radius of the larger pulley is 7 in. and that of the smaller pulley is 6 in. 
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MOLECULAR FORCES AND MOTIONS 

98. Molecular Theory- of Matter. — Any ibnn of matter is 
made up of very small particles called mok-cules. These mole- 
cules are packed together in the substance and held together 
more or less securely depending on thc^ nature oi' the substance, 
III between these molecules are spac^cw which are unoccupied. 
Even in solids, these spaces are so large* that the molecules 
do not permanently touch each otlic'r. In liciuids, these inter- 
vening spaces are still larger, and in gasc's, under ordinary condi- 
tions, they are very large in comparison with the size of the 
molecules. It is customary to assume that the molecules are 
spherical in shape, but this is not (exactly true*. They are in 
rapid motion and in the case of gases strike against each other 
and rebound much as steel balls when shaken vigorously in a 
closed vessel. 

99. States of Matter. — ^There are three* statcis in which matter 
may occur. It may be a solid, like ice, iron, or wax; a liquid, like 
water, mercury, or oil; or a gas, like air or hydrogen. Under 
suitable conditions, it is possibles for a body to change from 
the solid to the liquid state, from the lic[uid to tlui gaseous state, 
and from the solid to the gaseous state. Thus, water is found in 
the form of ice when its temperature is sufficiently low; as 
water at higher temperatures; or as steam at still higher tempera- 
tures. A solid like camphor will pass directly from the solid 
to the gaseous state without first passing through the liquid 
state. This is evident from the odor which is directly received 
from it in its solid state. It has been found possible to change 
ordinary atmospheric air into a liquid by lowering its temperature 
and sufficiently increasing the pressure on it. Liquid air may 
also be solidified. Thus, substances which occur normally in 
nature in one state may under suitable conditions be a gas, a 
liquid, or a solid. 

A solid is that state of matter in which the molecules strongly 
cling together and tend to keep the same relative positions. 

78 
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Since the molecules of a solid are rather rigidly held together, 
solids resist any tendency to change their shape or size and there- 
fore preserve their original form unless acted upon by some 
outside force. 

In a liquid, the molecules tend to cling together but are free 
to move with respect to each other. Liquids do not resist forces 
tending to change their shape but resist forces tending to change 
their volume. Because the molecules of a liquid can be easily 
displaced with respect to each other, the layers of a liquid flow 
freely over each other, and a liquid assumes the 
form of the vessel in which it is placed. 

In a gas the molecules are free to move about 
without restraint and thus tend to separate 
indefinitely. Gases do not resist forces tend- 
ing to change their shape and only to a small 
degree do they resist forces tending to change 
their volume. Since the molecules of a gas 
can move freely and tend to separate indefi- 
nitely, a gas fills up entirely the space of the 
containing vessel and exerts a pressure on it. 

100. Diffusion of Gases. — One of the evi- 
dences for believing that a gas is made up of 
a large number of molecules is found in the 
manner in which an odor penetrates to all 
parts of a room. Suppose that a bottle of 
ammonia water or some other substance with Fig. 61.— -Hydro- 
a pronounced odor is opened in a room. After porous walls of 

some time the odor has penetrated to all the jar and increases 
, P ,1 TT iu ' • .1 the pressure in the 

parts of the room. Here the gas giving the interior, 
odor, whether it comes from a solid or a 
liquid, consists of molecules which hit their neighbors and 
in turn are struck by other molecules. By this buffeting 
back and forth, the individual molecules are widely scattered and 
soon are present in all parts of the room. The pleasant odor of 
flowers or trees is a case of this scattering of the molecules of one 
gas among the molecules of the air. This process of scattering 
the molecules of one gas among the molecules of another gas is 
called diffusion of gases. If a porous jar (Fig. 61) is surrounded 
by another vessel into which hydrogen is introduced, the hydrogen 
diffuses through the porous jar and increases the gas pressure 
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inside the jar causing the gas to bubble up from the water into 
which the end of the tube leading from the porous jar is dipping. 

It is diffusion of this kind which keeps the air, which is com- 
posed principally of oxygen and nitrogen, in such a state of uni- 
form mixture. 


101. Diffusion of Liquids. — In liquids as well as in gases, the 
molecules are free to move about with greater or less freedom 
according to the nature of the liquid. If a little vinegar is placed 
in a pail of water, all of the water soon becomes sour. When a 
lump of sugar is placed in a cup of coffee, the contents of the 



whole cup are sweetened by the distribution of 
the molecules of the sugar throughout the 
coffee. When a piece of fuchsin is dropped 
quickly to the bottom of a test tube contain- 
ing water which is placed where it cannot be 
jarred, a diffusion of fuchsin from the bottom 
to the top of the tube is observed. This diffu- 
sion is made evident by the changes of color 
which take place in the tube. 

The diffusion of liquids may also be demonstrated 
by taking a tall glass jar (Fig. 62) filled with water 
and by means of a thistle tube extending to the bot- 
tom of the jar pouring into the jar a solution of copper 
sulphate until the bottom of the jar is filled to a height 
of 1 or 2 cm. If the jar is allowed to stand for some 


Fia. 62. — Diffusion without being disturbed, an upward diffusion of 

of copper sulphate, the copper sulphate can be observed. The force of 


gravity tends to keep the copper sulphate on the bot- 
tom, but diffusion overcomes this force, and the copper sulphate rises in 
tt^^ jar. The action which takes place in this case is very similar to that 
which takes place in the diffusion of gases except that it takes place more 
s ow y in liquids than in gases. The motion of the molecules in diffusion is 
such that they seldom travel far without encountering neighboring mole- 
cules. Between collisions, their paths are a series of short straight lines. 
In liquids, the distance between collisions is less than in gases. Hence, the 
molecules diffuse more slowly in liquids than in gases. 


102. Solutions. If a crystal of some solid like salt or sugar 
is placed in a vessel of water, the substance distributes itself to 
every portion of the water. The solid is said to go into solution 
in the liquid. This process of solution arises from the fact that 
the molecules of liquid attract the molecules of the solid and pull 
them away from their neighbors. This will not go on indefinitely, 
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for after a while no more of the molecules of the solid will dis- 
tribute themselves among the molecules of the liquid. The 
solution is then saturated. The amount of the solid which will 
go into solution depends on the nature of the solid, on the nature 
of the liquid, and on the temperature of the solution. Usually 
the amount of the substance which will go into solution increases 
as the temperature of the solution is raised. 

Liquids like water will dissolve more or less freely all gases. 
When such a solution occurs, the gases are uniformly distributed 
throughout the liquid. The dissolved gas may be thought of 
as distributed between the molecules of the liquid. Thus, 
ammonia gas or hydrochloric acid gas is readily dissolved in 
water, and soda water is a solution of carbon dioxide in water. 

The process of solution is very important in nature. Many of the fluids 
which have a part in the vital processes of the body are solutions of one 
sort or another. A considerable part of cooking, preserving, and canning is 
concerned with solutions and the changes in the concentrations of solutions. 
In the manufacture of maple sirup, a dilute solution of sugar is changed 
into a more concentrated solution by evaporating some of the water in 
which the sugar is dissolved. When salt is used to preserve food, it forms a 
solution in the water or juices of the food and then enters the food as a 
solution. 

I 103. Osmosis. — ^When two miscible liquids or solutions are 
separated by a porous membrane, there is a tendency for one of 
the liquids to diffuse more rapidly through the membrane than 
the other liquid does. If water is separated from a solution 
of sugar by a suitable membrane, the water molecules on one 
side of the membrane diffuse through the membrane more rapidly 
than the water molecules on the other side do. This will cause 
the volume of the solution to increase and the volume of the 
pure water to decrease. If the membrane is fixed, a change in 
the level of the solution and the water takes place. This process 
of diffusion through a semipermeable membrane is called osmosis. 

The following experiment illustrates osmosis. Take a carrot (Fig. 63) 
and cut out its interior, filling the space with a thick sirup. Insert in the 
mouth of the cavity a rubber stopper through which projects a long glass 
tube and immerse the carrot in a wide-mouthed jar filled with water. The 
water from the jar begins to flow through the pores of the carrot into the 
space filled with sirup. There is also a tendency for the sirup to flow out 
through the carrot into the jar. The tendency of the water to flow inward 
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is greater than the tendency of the sirup to flow outward. Hence, the 
\^lume of the sirup in the carrot increases and the solution rises in the tube. 

104. Illustrations of Osmosis. — When dried fruits, such as prunes and 
raisins are cooked, they swell and may even burst if the pressure becomes 
sufficiently large. This swelling is due to the hw.i that the vegetable sac 
surrounding the fruit acts as a membrane through, which the water diffuses 
from the outside to the inside. If marim^ animals like oysters are trans- 
ferred from salt water to fresh water, mon^ water flows into the animal 
through the membrane which serves as its covcn-ing. A dilation of the 
animal results since the conditions for osmosis a,rt‘ pr(\s(‘iit. Another 
illustration of this kind is found in the ])oiiing of sausages. The animal 
membrane which acts as a (iovering for the sausage is 
freely permeable to the wat(‘r but (io(\s not so readily 
allow the passage of dissolvcnl salts, Heii(*,e, the water 
flows in through the membra, m^, causing it to distend and 
usually burst during cooking. If the membrane is 
punctured before this rupture has oc(‘urred, a quantity 
of liquid squirts out. 

If fresh fruits are pla(*.(‘d in strong sugar solution, they 
begin to shrivel and dc'crease in siz(‘. This is also due to 
osmosis. In this case, the stronger solution is on the 
outside and the weaken* on the insider Heniee, the flow 
of water is from the inside} to th(} outside (causing the 
fruit to shrink. Such a shrinkages is observed in the 
canning of peaches. After the peac.hos have been 
placed in the cans and covereel with a strong sugar 
solution, they shrink on being heuitcd to the required 
temperature for canning. 



Crystalloids and Colloids. — Those sub- 
stances which, like canc sugar, glucose, etc., 
pass through animal naembranes most readily have been 
called crystalloids. Substances like gums, starerhes, and albu- 
mens which do not diffuse through membranes are called 
colloids. The crystalloids in solution are in the molecular 
state; that is, the substance has been divided up into 
molecules. The colloids are less finely divided. Each colloidal 
particle contains a large number of moleeulos. The size of the 


colloidal particles varies greatly from one colloid to another. 
These particles are really in suspension, whereas the crystalloids 
are in solution. Milk is a good illustration of a colloid. Ruby 
glass owes its color to the presence of gold particles in the col- 
loidal state. When crystalloids are dissolved, they produce 
marked changes in the properties of the solvent. If they are 
dissolved in water, they diminish its vapor ])ressure, lower its 
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freezing point, and raise its boiling point. When colloids are 
added to water, they produce scarcely any effect. 

106. Osmotic Pressure. — It has been seen that if two solutions 
differing in concentration are separated by a semipermeable 
membrane, the solvent will migrate from the solution where the 
concentration is small to the solution where the concentration is 
larger. The force which is responsible for the flow of the solvent 
in osmosis is called osmotic pressure. 


T\ 




ySofufhn 


In order to get a measure of this pressure, the following experiment is 
satisfactory. Take a thistle tube (Fig. 64) over the mouth of which is 
fastened a piece of bladder or parchment. Fill 
the thistle tube up to the beginning of the glass 
stem with a strong solution of sugar. Now 
immerse the thistle tube in a beaker filled with 
pure water so that the level of the water in the 
vessel and the level of the solution in the tube 
are the same. A diffusion of the water takes 
place through the membrane into the solution, 
and the solution rises in the tube. This rise 
continues until the pressure due to the weight 
of the solution in the tube is sufficient to prevent 
any more water from flowing into the tube. The 
pressure necessary to prevent the flow of the 
water into the solution is equal to the osmotic 
pressTire. 

107. Laws of Osmotic Pressure. — Two 

important laws have been established 
concerning osmotic pressure. They are 
as foll0W\s: 


rSoIi/enf 




‘Membrcine 


Fig. 64. — Osmotic pres- 
sure. The solvent dif- 
fuses through the 
membrane into the solu- 
tion. 


1. In fairly dilute solutions in which the molecules are not 
dissociated, the osmotic pressure is proportional to the concen- 
tration of the dissolved substance. 

2. In a solution of given concentration, the osmotic pressure 
increases as the temperature is increased, and the rate of increase 
is the same for all solutions. 

108. Cohesion and Adhesion. — In liquids, the molecules move 
freely with respect to each other but are held together by the 
attractive forces of the molecules on each other. This tendency 
of the molecules to cling together is most noticeable in the case 
of the more viscous liquids like heavy sirups and least noticeable 
in the more mobile liquids like alcohol and water. Not only 
do the molecules of a liquid cling to each other, but they also 
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cling to the molecules of a solid as seen when a piece of glass is 
dipped into a vessel of water. The molecules of water adhere 
to the glass and form a thin film over its surface. The attraction 
of like molecules for one another is called cohesion. The attrac- 
tion of unlike molecules for one another is called adhesion. The 

nature of the forces acting between 
the molecules is the same whether 
the molecules are alike or unlike. 

/ \ It is cohesion which causes a drop 

/ ‘ \ of water to form. It is also cohesion 

which holds together so firmly the 
molecules of iron, copper, and other 
solid substances. When glue or 
Tig. 65.-— The cohesive forces cement is used to fasten two pieces 
^MAB to the surface of the crockery together, the 

adhesion of the glue or cement for 
the wood or the crockery causes a firm joint to be formed. 
Sometimes the adhesion is so great that the joint thus formed 
is stronger than the material out of which it is formed. This 
force of attraction of molecules for one another is very large but 
acts only at small distances. 


To get a measure of this force, suspend from 
one arm of a balance a circular glass plate 
(Fig. 65). Place weights enough on the 
opposite pan of the balance just to balance 
this circular plate. Having adj usted the plate 
so that it is horizontal, elevate a vessel of 
water so that the surface of the water just 
touches the under surface of the glass plate. 

Now find what weight must be added to the 
weights in the pan in order to raise the glass 
plate away from the surface of the water. 

This weight is a measure of the attractive 
forces of the molecules for each other. It is 
found that when the plate comes away from Fig. 66. — Apparatus for 
the water, its lower surface is wet. Thus, measuring surface tension, 
the molecules of water have pulled away from ^ o%ent% c 

each other and not the molecules of water 

away from the molecules of glass. Hence, the force of cohesion between 
the molecules of water is less than the force of adhesion between the 
molecules of glass and water. A torsion balance (Fig. 66) may be used 
instead of an ordinary balance and a ring instead of a disk. 

109. Cohesion in Soils. — A good example of the action of cohesion is 
found in the behavior of soils. When the particles of soil are small, the 
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cohesion between the particles is small and the soils are easily blown about 
by the winds. The ease or difficulty of plowing or cultivating soil depends 
largely on the cohesive forces between the particles of the soil. When the 
cohesion is great, the soil is difficult to cultivate and easily forms clods. 
When the cohesion is small, the soil pulverizes easily and is easily cultivated. 
The cohesive forces in the soil may be measured either in the wet or in the 
dry condition, and its value will depend on the conditions under which it is 
measured. 

110. Surface Energy and Surface Tension. — If a needle is 
greased and gently placed on the surface of water, it will float 
although the density of the needle is greater than that of the 
water. In like manner, some insects can walk on the surface of 
liquids like water. The surface of a liquid behaves as if it were 



Fig. 67.- -Forces on a molecule inside of a liquid. At the surface there is an 
unbalanced downward force on the molecule. 

covered with a thin elastic film. It requires a force to break this 
film, and the amount of this force depends on the nature of the 
liquid. This surface film is due to the molecular attractions in 
the liquid. 

A molecule in the mass of the liquid is in equilibrium, as it is 
attracted equally in all directions by the molecules on all sides. 
But molecules in the surface of the liquid are not attracted by 
molecules on the side away from the liquid. On account of this 
unbalanced force, the molecules at the surface are pulled toward 
the interior of the liquid with a force due to the attraction of 
the molecules l3dng below the molecules at the surface. The 
difference between the behavior of the molecules inside the 
liquid and those at the surface is seen by considering a sphere 
drawn around a molecule on the surface and around one in the 
interior of the liquid (Fig. 67) .‘ Let all the molecules which act 
on the molecule 0 at the center be included in this sphere. Now 
the forces on this molecule 0 are balanced, and there is no tend- 
ency for the molecule to move. But the forces on the molecule 
at the center of the sphere E are not balanced since there are no 
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molecules in the upper half of the sphere. ’This causes the 
molecule at the center to be pulled downward by the unbalanced 
attractions. This unbalanced force makes the liquid take the 
shape which has the least possible area under the conditions. 
Hence, a drop of mercury or water becomes spherical. If a 

drop of oil is placed in a mixture of 
water and alcohol of the same density, 
the drop of oil does not rise or fall, and 
under the action of tho molecular 
forces it assumes a spheri(‘al form. 

If the molecuh^s of a licpiid have less 
attraction for each otlun* than for the 
^ 7 ^ molecules of the solid with which they 

Fig. 68. — Withdrawal of a . t . ^ 

sphere from the surface of a are in contact, tlui liquid adheres to the 

liquid requires force to over- goliJ ^nd Wists it. Th(' attraCitioil of 
come cohesion. i i . 

the molecules ol a liquid for a solid is 
easily seen when a sphere (Fig. 68) is l)eing withdrawn from a 
liquid which wets it. If, however, the molecules of the liquid 
cling to each other with a greater force than that with which 
they adhere to the solid, the solid is not w(d. l)y the liquid. 
Such is the case when mercury is in contact, with glass, but when 
a drop of distilled water falls on a clean surfa(‘.e of glass, it spreads 
over the glass in a thin layer. 

The relation between surface 
energy and surface tension can be 
obtained from Fig. 69, in which 
AEFB is a wire frame covered by 
a soap film. The side AB is mov- 
able, and the force F which must 
be applied to it to keep the film 
from contracting is 

F = 2 • T • L 



cl 

Fit}, (it). "’Fort-.c t)n u movuble 
wire flue t.o Hiirface tennion. 


where I is the length of the wire 
AB, and T is the force per unit length. If the wire AB is drawn 
down a distance of x cm., the work done is, 

F = F ■ X = r - 2 • r = r ■ . 1 , 

where 

A = 2 ’ I ' X = increase in area of both sides of the film, 
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whence 

W 

T ~ — work per unit area. 

The work per unit area which is the surface energy is numer- 
ically equal to the force per unit length which is called the 
surface tension. 

111. Capillarity. — If a piece of glass tube of veiy small bore 
lias been thoroughly cleaned and is then dipped into water (Fig. 
70), the water will wet the inside of the tube and rise in it. If 
the liquid does not wet the tube (Fig. 71), as in the case of mer- 
cury in a glass tube, the liquid is depressed in the tube. In 
general, liquids rise in tubes 
which they wet and are de- 
pressed in tubes which they do 
not wet. The smaller the bore 
of the tube, the greater the 
height to which the liquid rises 
or the greater the amount 
which it is depressed. This 
rise or depression of liquids in 
tubes of small bore is known as 
capillarity. It is caused by the 

IT, T_ Fig. 70.~Rise of Fig. 71.— De- 

molecular forces which are -vp^ater ia a capillary pression of mer- 

responsible for surface energy. cury in capillary 

The molecules of the liquid 

have an attraction for each other and also for the molecules 
on the surface of the wall of the tube, the former being 
a case of cohesion and the latter a case of adhesion. If 
the cohesive forces between the molecules of the liquid are greater 
than the adhesive forces between the molecules of the liquid and 
the molecules on the wall of the tube, the liquid is pulled away 
from the tube and depressed. Mercury in a glass tube is a case 
of this kind. If, however, the adhesive forces are the greater, 
the liquid wets the side of the capillary tube and rises in the tube. 
Water or alcohol in a glass tube rises in this manner. 

112. Cause of the Variation in the Height of Rise. — The reason 
for the fact that liquids like vrater will rise higher in small tubes 
than in large ones is found in the relation between the volume 
of the tube and its internal circumference. When a glass tube is 
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thrust into water, the molecules in the surface of the wall just 
above the water pull up on the row of molecules lying nearest 
them and raise them above the level of the water in the vessel. 
This carries up the whole column of water until the weight of the 
column is equal to the force of attraction between the molecules 
of glass and the molecules of water. As each molecule of glass 
exerts a fixed attraction on each molecule of water near it, a 
tube of larger circumference will be able to lift more than a tube 
of small circumference. Now the circumference of the tube 
increases as the diameter so that a tube which is 0.1 mm. in 
diameter will lift one-tenth as much as a tube which is 1 mm. in 

diameter. But the volume and hence 
the weight of the water lifted in- 
crease as the square of the diameter. 
The larger tube will therefore lift its 
water only one-tenth as high as the 
smaller tube. 

Let a tube of radius r be inserted in 
a liquid of density d (Fig. 70). Let 
the mean elevation of the liquid be k 
Assume that the angle which the 
surface of the liquid makes with the 
wall of the tube is very small so 
that, all the force of attraction is 
directed upward. The force due to 
the surface tension must be balanced by the weight of the 
column of liquid of height h. 

The length of the film around the tube is 27rr; the force upward 
is 

27rrT. {T being the force per centimeter.) 

The mass, of the liquid supported by this force — TT^d: 

The force in dynes to support this mass = irr^^hdg. 

Hence, for equilibrium, 

irrHhg = 2'jrrT. 
h = 

irr^dg rdg 

rp ^ ' d ' Q • T j 

T = ^ — dynes. 





Fig. 72. — Unequal heights of 
liquids in tubes of unequal 
areas. 


or 
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From this equation it is seen that the smaller the bore of the 
tube, the greater the height to which the liquid rises. Figure 
72 shows the difference of level of liquids in tubes of unequal 
diameters. 

Example. — The liquid in a capillary tube rises to the height of 7 cm. The 
radius of the tube is 0.1 mm. and the density of the liquid 0.8. If the angle 
between the liquid and the surface of the tube is zero, find the surface tension 
of the liquid. 

^ ^ . height X density X radius of tube X 980 

Surface tension - — ^ 2 

^ hdrq 7 X 0.8 X 0.01 X 980 ^ ^ 

T = — o = 27.4 dynes per centimeter. 

2 2 

Example. — In two capillary tubes of different diameters the liquid rises 
in one case to a height of 10 cm. and in the other case to a height of 20 cm. 
Find the ratio of the diameters of the tubes. 

rp Mu 
2 

T - 

^ 2 ' 
hr = h'r', 
h __r' 

V “ r * 

^ ^ ^ 1 
r 20 2 

Hence, the diameter of the tube in which the liquid rises the higher is one- 
half the diameter of the other tube. 

113. Illustrations of Capillarity. — There are many familiar illustrations 
of capillary action in nature. The oil in a lamp rises in the wick by capillary 
action. Ink spreads in a blotter, or water in a lump of sugar, by this same 
action. If one end of a towel dips into a bucket of water and the other 
end hangs over the bucket, the towel soon becomes wet throughout and 
drains the water out of the bucket. If the towel is covered with a prepara- 
tion which prevents the water from adhering to its fibers, the towel does not 
become wet and the action does not take place. In this case, a surface film 
spreads over the cloth but does not enter it. By this means the cloth 
has been rendered waterproof. Cravenette cloth has been treated in this 
way. 

The method of making cloth waterproof may be understood from the 
following experiment. Take a sieve made out of fine copper gauze which 
has been dipped into melted paraffin. By this means, each wire has been 
covered with paraffin and water will not adhere to it. Lay a piece of paper 
carefully on the under side of the sieve and fill the sieve with water. When 
the paper is carefully removed, the surface film of water will prevent the 
water from flowing through the sieve. 
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Small bodies floating near each other on a liquid are often seen to cojne 
together. If the bodies are wet by the liquid, the liquid between them rises 
higher than outside, and the hydrostatic pressure at C (Fig. 73a) is less than 


Pig. 73a. — Reduction of pres- Fig. 7Sb. — The excess hydro- 
sure between bodies due to surface static pressure causes the bodies to 
tension. move together. 

the atmospheric pressure acting on the outsides of the bodies, and the bodies 
are forced together. If neither body is wet by the liquid, the liquid surface 
is depressed between them. In Fig. 736, the atmospheric pressure at C is less 


Fig. 74. — Splashes on the surface of milk showing effects of surface tension. 
High-speed motion-picture photography was used. {Courlasy EdoerUyn, Germ- 
hausen and Grier, Massachusetts Institute of Technology.) 

than the hydrostatic pressure acting at the same level on the outsides of the 
bodies, and again they are pushed together. 

^ The splashes formed (Fig. 74) when drops of milk fall on a surface of milk 
give a beautiful illustration of effects produced by surface tension. 
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The formation of bubbles is due to surface tension. The pressure inside 
of a soap bubble (Fig. 75) is greater than the external pressure. The forces 
across the equatorial plane A BCD are in equilibrium. Hence 

ttR'^P = AirTR, 

4T 


where p is the excess pressure. 

114. Capillary Action in Soils. — ^The distribution of water in soils depends 
largely on capillary action. The spaces left between the soil grains form 
imperfect triangular capillary tubes. The cross section of such a tube 
formed by four spherical grains is seen in Fig. 76. These tubes extend in all 


directions through the soil, and 



Fig. 75. — Excess pressure inside of 
the bubble = p = 4:T 'R. 


* effective diameters are roughly propor- 
tional to the diameter of the grains so 
that the effective diameter of these 
tubes is small in finely divided soils 
and large in coarse soils. Through 
these spaces the water rises as in capil- 



Fig. 76. — Capillary tubes between 
grains of soils. 


lary tubes, thus supplying water from the lower soil which is damp to the 
upper soil which is drier. If the soil is made too loose, the effective 
diameter of these tubes becomes too large and the water is prevented from 
rising any considerable height from the lower soil toward the upper soil. 
Constant cultivation keeps the soil loose and, therefore, lessens evaporation 
by preventing the rise of water from the lower layers to the surface. 


Problems 

1. How high will water (surface tension 73 dynes per centimeter) rise 
in a glass tube with a diameter of 0.14 mm. because of capillarity? 

2. Find the surface tension of water, if the column supported by capillarity 
in a glass tube of 0.44 mm. diameter is 6.4 cm. high. 

3. The surface tension of water is 0.075 g. per centimeter. Find the 
height to which water will rise in a capillary tube having a bore of 0.01 cm. 

4. The pressure inside a soap bubble exceeds atmospheric pressure by 
0.060 g. per square centimeter. If the radius of the bubble is 3 cm., find the 
surface tension of the soap solution. 

6. How much will the surface of mercury stand below the normal level 
of the mercury in a tube which is 1 mm. in diameter? (Take the surface 
tension of mercury to be 470 dynes^per centimeter.) 
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6. A tube (Fig, 92) is bent in the form of a U. The diameter of the large 
tube is 1.5 cm. and that of the smaller tube is 1.5 mm. Find the difference 
in levels when the tubes are filled with water which has a surface tension 
of 74 dynes per centimeter. 

7 . What is the diameter of a soap bubble when the excess pressure inside 
of the bubble is 60 dynes and the surface tension of the soap solution is 
25 dynes per centimeter? 

8 . The surface of the water in a glass capillary tube which is 0.22 mm. in 
radius is at a height of 6.4 cm. above the level of the water in the beaker in 
which the tube stands. WTiat is the surface tension of the water? 

9 . Find the work which must be done to increase the surface of a soap 
film by 250 sq. cm. Take the surface tension of soap solution as 25 dynes 
per cm. 

10 . One limb of a U-tube is 2 cm. in diameter and the other is 2 mm. in 
diameter. What will be the difference in level on the surface in the two 
tubes when mercury is poured into them? Take the surface tension of 
mercury as 470 dynes per centimeter and the angle of contact as 140 deg. 

11 . What is the excess pressure inside of a soap bubble which is 1 cm. in 
diameter, assuming 26 dynes per centimeter as the surface tension of the soap 
solution? 



CHAPTER IX 


LIQUIDS AT REST 

116. Characteristics of Liquids.— The molecules of a liquid 
at rest are displaced by the slightest force, and for this reason 
a liquid has no shape df its own but takes the shape of the con- 
taining vessel. Hence, liquids yield to a continued application 
of force tending to deform them or to change their shape in any 
way. They, however, manifest wide differences in their readiness 
to yield to distorting forces. Water, alcohol, and ether are very 
mobile liquids which yield readily to forces tending to change 
their shape. Glycerine is less mobile, and tar is still less so. 
There is no sharp line of separation between liquids and solids. 
In warm weather, paraffin candles yield under their own weight 
and bend double. Although shoemaker’s wax will break readily 
when cold, it behaves like a very viscous liquid at higher tempera- 
tures. All liquids offer large resistance to forces tending to 
change their volume. For example, it requires a pressure of 
1,500 lb. per square inch to cause the volume of water to change 
0.5 per cent. 

116. Pressure in a Liquid under Action of Gravity. — If an 

empty can is pushed down into the water, the force of the liquid 
against the can tends to push it upward. When a block of wood 
is forced under the water, a force resists the action of the force 
tending to submerge the body, and the body when released returns 
to the surface. (The fact that large ships float on the surface of 
the water shows that there is a force on their lower surface suffi- 
cient to overcome their weight.^ 

Consider a cylindrical vessel partly filled with liquid of density 
d. Let R be the radius of the vessel and h be the depth of the 
liquid in the vessel. The volume of the liquid is 

V = ttR^ X h, 

and the weight of the liquid is 

W = vdg = irR^hdg. 
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. This weight is sustained by the bottom of the vessel and will 
exert on each unit area of the bottom a force p, such that 

_ weight irR%dg ,, , 

^ “ area of base ~ centimeter. 


This force per unit area is called the pressure. It is proportional 
to the depth of the liquid and to its density. 

Example.— Find the force per unit area on the bottom of a tank which is 
10 jt. in diameter and 25 ft. deep, if the tank is filled with water which 
weighs 62.5 lb. per cubic foot. 


Total force = height 


Force per unit area 


X area X weight per cubic foot 

= 25 X TT X 52 X 62.5 == 122,750 lb. 
= total force _ 122,750 _ 

area tt X 5^ ~ 1;)562 lb. per square foot. 


117. Pressure in Vessels of Different Shape.— Where a vessel 
has vertical sides, the pressure on the bottom is equal to the 



height of the liquid times its density. If, instead of considering 
vessels with vertical sides, vessels are considered in which the 
Sides flare out (Fig, 77), it might be expected that the pressure on 
eac square centimeter of the bottom in case B would be greater 
than m case A because there is more water in B. The pressure 
on each square centimeter of the bottom is the same, since each 
square centuneter of the bottom holds up only the column of 
extra water above the slanting sides is 
held up by these sides and does not press on the bottom. If the 
area of the base is the same in case A and case B, the total down- 
on, the base in the two cases is the same. 

When the vessel is conical as in case C, the total force on the 
base is the same as in the preceding case. It is easy to see that 
in is case the pressure on the area directly under the top is 
e same as in the other cases. The slanting walls press down 
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on the liquid standing on the remainder of the base with a force 
which, when added to the weight of the liquid on that part of 
the base, makes the force on each square centimeter of the base 
equal to the force on each square centimeter directly under 

the top. / / \ I / 

118. Liquid in Communicat- ^ ^ 

ing Vessels. — It is a matter of fd 'gM 

common experience that liquids gj M 

seek their own level in com- g ^ 

municating vessels. For this g |q 

reason, water stands at the 

same level in the spout of a _ ~~ , T 

. , • iv X 1 xxi — ^Liquids stand at the same 

tea kettle as in the tea kettle level in communicating tubes. 

itself. If tubes of various sizes 

are connected, liquid poured into one of these tubes (Fig. 7S) 
will come to the same level in all the tubes. This result is to 
be expected from the fact that the pressure in a liquid depends 
on the depth below the free surface. If points in the interior of 



the liquid are at the same level, the pressure 
at these points must be the same, or the liquid 
would flow from one. point to the other until 
the pressure was equalized. 

The water gauge in a steam boiler (Fig. 79) is an 
illustration of this principle. This gauge, which 
consists of a heavy-walled glass tube, is connected 
at the top with the steam space and at the bottom 
with the space filled with water in the boiler. The 
water in this glass tube stands at the same height a,s 
the water in the boiler and thus serves to indicate the 
height of the water in the boiler. 

Artesian or flovdng wells illustrate on a large scab', 
the tendency of water to seek its own level, whatever 
the form or shape of the connecting vessel. The 
earth's surface in many places is made up of different 
strata. Some of these are porous to water and others 


Fig. 79. — A water are not porous. If a porous stratum happens to lie 
gauge shows the between two strata which are not porous, and the 
the\oiler. strata are then folded, the conditions are# favorable 

for the formation of an artesian well. Rain sinks by 
gravity into the porous stratum. Since this stratum has an impervious 
stratum above and below'- it, the water fills the porous stratum until some 


opportunity of escape is provided. When a w’ell is sunk into the porous* 
stratum, the water from the well rises until it reaches the level of the water 
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in the stratum. Wherever the well is drilled, the water will rise to the same 
level. 

From the discussion it is seen that the free surface of a liquid under the 
action of the forces of gravity is always horizontal. A particle in the surface 
is in equilibrium under the action of the gravity force downward and a hydro- 
static force equal and opposite in direction. If, however, the liquid is rotat- 
ing about a vertical axis (Fig. 80), the 
surface is no longer horizontal, since particles 
in such a surface would not be in equilibrium, 
g j The hydrostatic force, which is always per- 

jtz pendicular to the surface, and the gravity 
force together have a resultant that supplies 
^ necessary centripetal force to keep the 

I ^ ^ particle in its circular path. It can be 

shown that the surface of the liquid in this 
case assumes the form of a parabola. 


Pressure Transmitted by Liq- 

r r - .r-- - z uid. — Since liquids cannot resist forces 

Fio. 80.-The free surface of layer of molcCules 

a liquid revolving about a over another, they have the power 

thfresuitant^Lrce^^^^^^^^^^ transmitting pressure from one part 

of the liquid to all other parts. This 
characteristic of a liquid is illustrated in Fig. 81. The applied 
force is transmitted uniformly in all directions. 

Liquids press against surfaces which are vertical or oblique 
as well as against those which p 

are horizontal. The force is 

always found to be perpendic- ^ 

ular to the surface against 

which it acts. Otherwise, ow- 

ing to the mobility of the fluid, 

the component of the pressure 

along the surface would pro- ^ii 

duce a flow of the liquid tangent /ill 

to the surface. Liquids will be Fig. 8ia. Fig. 816. 

forced through a hole in the directions. 

side of a pail near the bottom Fig. 816. — Pressure uniform at all 

as weU as through a hole in ^ 

the bottom. The application of pressure to the piston (Fig. 

816) forces water from all the holes equally far in all directions. 

A comparison of the forces in different directions at any point in 

a liquid shows that when a liquid is at rest, the pressure at a 
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Fig. 82. — Pressure is trans- 
mitted in all directions without 
diminution. 


point is the same in all directions. Where a liquid is at rest and 
is acted upon only by gravity, the pressure is the same at all 
points on the same level. 

120. Pascal’s Principle. — Suppose there is a vessel filled with 
water (Fig. 82) and fitted with two equal pistons A and B, and 
suppose that the pistons carry equal 
weights so that there is no tendency 
for either of them to move. Now 
let a weight of 1 lb. be added to A, 

This will cause a pressure to be 
transmitted throughout the liquid, 
and it vnll be found that a weight of 
1 lb. must be added to B in order 
to keep it from moving. This is a 
special case of a general principle 
discovered by Pascal and known as 
Pascal’s principle. This principle 
states that the pressure applied to an 
enclosed gas or liquid is transmitted 
without diminution in all directions. If the pressure is increased 
or decreased at one point in the liquid or gas, it is increased or 
decreased uniformly throughout the liquid or gas. The expan- 
sion of a rubber balloon when it is being filled with air illustrates 
this principle. As the air is being forced into the balloon, an 
equal pressure is exerted in all directions so that the balloon 

expands equally in all directions 
and becomes a sphere. 

121. Multiplication of Force by 
Transmission of Pressure. — Con- 
sider two cylinders which are con- 
nected together and filled with 
water (Fig. 83) . Assume that each 
cylinder is fitted with a piston 
which moves without friction. Let 
A be the area of the larger piston 
and a the area of the smaller piston. When a weight of w 
lb. is placed on the smaller piston, it produces a pressure of 
w/a lb. to the square inch on the water under this piston. 
This pressure is transmitted undiminished throughout the 
water and acts on the larger piston. The upward pressure 


d 

i-i- 


1 




Fig. 83- — Multiplication of force by- 
transmitted pressure: Q/P = A fa. 
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on the larger piston is then w/a lb. per square inch. Since 
the area of the larger piston is A, the total force exerted on this 

piston by the water is ~ Hence, by the application of a 

force of 1C lb., it has been possible to produce a force Aj a times as 
large. . 

Let the smaller piston be displaced a distance d, and let D be 
the corresponding displacement of the larger piston. 

A X H = volume swept out by larger piston. 
a X d = volume swept out by smaller piston. 

Since the liquid can be assumed incompressible, 

A X D = a X d. 

The work done on the smaller piston is 

w 

Work = force X distance = ~ X a X d = w X d. 

Work done by the larger piston is 

Work = A XD==wXd. 
a 

Hence, work done on smaller piston = work done by larger 
piston. 

Example. — The larger piston in Fig. 83 has an area of 100 sq. in. and 
the smaller an area of 5 sq. in. A force of 250 lb. is applied to the smaller 
piston. Find the force exerted by the larger piston. 

Force per square inch on smaller piston = = 50 lb., and the force 

per square inch on the larger piston is also 50 lb. 

Total force on the larger piston = force per square inch X area = 50 lb. 
per square inch X 100 - 5,000 lb. 

122. The Hydrostatic Bellows. — This bellows consists of two disks of 
wood connected by waterproof canvas in such a way as to form a collapsi- 
ble drum (Fig. 84), A small pipe passing through the lower disk opens 
into the drum and is then turned so that it is vertical Vhen the disks are 
horizontal. If, now, the drum is filled with water and a man stands on the 
upper disk, water is forced into the vertical tube. The striking thing is 
that the height of the water is the same whatever the cross section of the 
tube. Hence, a small weight of water balances the weight on the disk. 

The explanation of this fact is found in Pascal’s principle. If the cross 
section of the tube is 1 sq. in. and the area of the upper disk is 500 sq. in., 
then the weight on the disk will be 500 times as large as the weight of the 
water in the tube. 
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123 . Hydraulic Elevator.—Pascars principle also explains the action of 
hydraulic elevators, which make use of hydraulic pressures for lifting 
hea\T loads. At the bottom of the elevator (Fig. 85) is a well or pit. In 
this well is set a long hollow cylinder in which there moves a long plunger 
or piston which is firmly fastened at the top to the elevator cage. The 
admission of water under pressure acts against the lower end of the piston 
and lifts it and with it the elevator and its load. The weight of the ele- 
vator is partly counterbalanced by hanging a heavy weight over the pulley. 
The checking of the flow of water into the cylinder stops the elevator, and by 
allowing the water to flow out of the cjdinder the elevator descends by its own 



independent of cross 
section. 

weight. In order to make the elevator move more rapidly than the plunger 
and thus get more speed, the motion of the plunger may be communicated to 
the elevator through a set of pulleys so that the cage of the elevator ma^^ bo 
made to move several times. as fast as the plunger. 

Example. — The pressure in a water main is 50 lb. per square inch, and the 
diameter of the plunger of a hydraulic elevator is 10 in. How heavy a load 
can the elevator lift? 


Total force on the elevator = pressure X area of plunger 

. = 50 lb. per square inch X tt X 5^ = 50 lb. 

per square inch X 78,6 == 3,930 lb. 

Example.— The pressure of water in the water mains is 35 lb. per square 
inch. How much work is required to pump 500,000 cu. ft. of water into the 
mains? 
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Work = force X distance 

= pressure X change of volume 
= 35 X 144 X 500,000 
= 252 X 10^ (ft.-lb.). 

124. Liquids in Communicating Tubes. — ^Let two liquids which 
do not react chemically be placed in a bent tube (Fig. 86) . When 
the liquids are at rest, the less dense liquid stands at a height hi 
above the junction of the two liquids. The pressure exerted by 
this column of lighter liquid is just balanced by the weight of the 
column of heavier liquid which stands above the junction of the 
liquids. Let di be the density of the lighter liquid, the density 
of the heavier liquid, hi the height of 
the lighter liquid above the junction, 
and h 2 the height of the heavier liquid. 

Then, 

/ii X = /l2 X ^2. 

hi (^2 

h2 di 


Fig. 86. — Den- 
sity of non-mia- 
cible liquids by 
balanced columns. 

Hence, the heights of the two liquids above their surface of sepa- 
ration are inversely proportional to the densities of the liquids. 

In case the liquids react chenciically, the bent tube is inverted 
and the ends placed in cups containing the liquids (Fig. 87) 
whose densities will be denoted by di and d^. The air from the 
part of the bent tube is partially removed and the stop- 
cock closed. The pressure above both liquids inside the tube 
is the same, and the atmospheric pressure on the liquids in the 
open vessels is the same. The difference between the pressure 
inside the tube and the atmospheric pressure is in each case 




vary inversely as the densities 
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balanced by the rise of the liquid in the tube. These two dif- 
ferences in pressure are the same and 

X = A 2 X ^2. 
hi ^ ^ 

A2 di 


Example. — If one of the beakers in Fig. 87 contains sulphuric acid and 
the other contains water, and if the’ 
height of the column of water is 40 cm. 
when the height of the column of acid 
is 30 cm., find the density of the 
sulphuric acid. 

Densit 5 ^ of acid _ height of water 
Density of water height of acid 
dj _ hi _ 40 
“ 30* 

di = 1.33 g. per cubic centimeter 

density of acid. Fig, 88. — The hydraulic press 
produces large forces. Pressure is 
126. A HydrauUc Press.— A hydrau- unifortoly throughout 

lie press consists of a strong cylinder 

(Fig. 88) in which works a cylindrical piston C. By means of a small 
pump D, oil is forced into the large cylinder through a check valve K which 



prevents its return. In consequence 
sure is communicated to the liquid by 1 
to the wails of the containing cyl- 
inder and the piston C. If the 
large piston C has 100 times the 
area of the small piston D, the force 
exerted on C will be 100 times that 



Fig. 89. — The pressure is determined 
by the height of the dam. 


Pascal's principle, whatever pres- 
pump is transmitted undiminished 



^ "Moment arm for W 
Fig. 90. — For equilibrium the torque 
le to the weight of the dam must 


exceed the torque due to pressure. 


applied^ to D, and on the downward stroke of the small piston the 
larp piston C will be moved only one-hundredth the distance through 
which the small piston moved. If the oil is incompressible, the work 
done on the large piston is just equal to that done on the small piston; 
that is, the input of the machine is just equal to the output. In order still 
further to increase the pressure exerted on the piston C, the small piston is 
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ordinarily forced down by means of a lever. Hydraulic presses are used in 
baling paper, cotton, etc., in punching holes through steel plates, and in 
extracting oil from seeds. By means of them, a small force operating through 
a large distance produces a large force' operating through a small distance. 

Problems 

1. A water tank is located in the tower of a building, 550 ft. above the 
level of the street. If the city water supply has a pressure of 60 lb. per 
square inch at street level, how much additional pressure must be furnished 
by the pump used to fill the tank? 

2 . A diver works at a depth of 20 m. in sea water; density 1.03 g. per 
cubic centimeter. Find the pressure in excess of atmospheric pressure 
which he experiences at that depth. Express the result in kilograms per 
square centimeter. 

3. A swimming pool 25 ft. wide and 75 ft. long has a depth of 3 ft. at 
one end and 10 ft. at the other. What is the total downward force of the 
water on the bottom of the pool? What is the average pressure on the 
bottom? 

4 . Find the force on the glass side of an aquarium containing salt water 
with a density of 1.03 g. per cubic centimeter, if the glass is 1.2 m. wide and 
the water behind it is 60 cm. deep. 

6. A lock gate is 20 ft. wide and 30 ft. high. The depth of water on one 
side is 25 ft., and on the other side 12 ft. What is the net horizontal force on 
the gate due to water pressure? 

6. Oil under a pressure of 150 lb. per square inch is applied to the piston 
of a rack used for lifting automobiles. The diameter of the piston is 9 in.; 
what is the total weight which can be lifted? 

7 . In a simple hydraulic elevator, the ram is 5 in. in diameter and 70 ft. 
long. Water is supplied at a pressure of 360 lb. per square inch. Neglect- 
ing friction, what total load can be raised, and how much work is done? 

8 . A small hydraulic press has a pump piston diameter and a 

large piston 10 in, in diameter. If the efficiency of the machine is 85 per 
cent, find the actual mechanical advantage. 

9. The lever of a hydraulic press gives a mechanical advantage of 6. The 
area of the small piston is 4 sq. cm., and that of the large piston is 100 sq. cm. 
A force of 20 kg. is applied to the handle. What force is exerted by the 
larger piston, if friction may be neglected? 

10 . A hydraulic elevator is operated from the city water mains. The 
maximum load for which the elevator is designed is 6 tons and the elevator 
and its plunger weigh 1.75 tons. The diameter of the plunger to which the 
pressure is applied is 1 ft. What pressure is necessary in the water mains? 

11 . Tin is being transferred by means of a siphon from a cauldron to a 
mold. The density of the molten tin is 7.3 g. per cubic centimeter and the 
atmospheric pressure is 76 cm. of mercury. What is the greatest height 
the rim of the cauldron can be above the surface of the molten tin? 
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ARCHIMEDES’ PRINCIPLE 

126. Buoyancy of Liquids. — It is a matter of common expe- 
rience that bodies are lighter in water than- they are in air. A 
fresh egg will sink in pure water but wiU float in water to which 
has been added a considerable quantity of, salt. A piece of iron 
sinks in water but floats in mercury. This is because the density 
of the mercury is greater than that of the iron. When a diver 
lifts a stone under water and brings it to the surface, he finds 
that the stone is much heavier when it is brought above the sur- 
face. The diver also observes when he is in the water up to his 
neck that he is lifted up by the water so that it is diflhcult for hiin 
to retain his footing. In ease of lighter bodies like wood or cork 
this lifting effect may be sufficient to keep parts of the body above 
water. This resultant upward pressure of a liquid on a wholly or 
partly immersed body is called buoyancy. It is a force acting 
vertically upward and counterbalancing in whole or in part the 
weight of the body. 

That point through which the force of buoyancy acts is the 
center of buoyancy. This point lies at the centpr of gravity of the 
displaced liquid. The buoyant forces of all the displaced liquid 
might be replaced by a single force acting through the center of 
buoyancy without altering the behavior of the body. 

127. Archimedes’ Principle. — Suspend from one arm of a bal- 
ance (Fig. 91) a hollow cylindrical cup and a piece of brass which 
has been nicely turned in the form of a cylinder so that it will just 
fit the cavity inside the cup. Now counterbalance the weight 
of the cup and cylinder by adding the necessary weights to the 
other pan of the balance. When a vessel of water is brought up 
in such a way that the cylinder C is completely immersed, it is 
observed that the side of the balance carrying the cylinder rises, 
showing that the water is pushing up on the cylinder. If water 
is now poured into the cup until it is just filled, the equilibrium 
of the balance is restored. Since the weight of a volume of water 
equal to that displaced by the cylinder is sufficient to compensate 
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Fig. 91. — Test of 
Aiohimedes' principle. 


for the lifting effect of the water on the cylinder, it is evident that 
the cylinder is lifted up by a force equal to the weight of the & 
placed water. If the experiment is repeated using kerosene or 
some other liquid instead of water, the same result is always found 
i i to be true. The loss in the weight of the 

^ immersed body is equal to the weight of the 

^ volume of liquid displaced by it. This 

^ ^ principle which is known as Archimedes' 

principle may be stated as follows: The loss 

g ’ ' ^ of weight of a body immersed in a fluid is 

equal to the weight of the displaced fluid, or 
a body immersed in a fluid is buoyed up by a 
force equal to the weight of the fluid displaced 
by it. 

Fig. 91. — Test of 128. Explanation of Archimedes’ Principle. 

Archimedes principle, ^ rectangular block (Fig. 92) is immersed 

in a vessel of liquid, the pressures on the vertical sides are equal 
and in opposite directions. These forces will not, therefore, tend 
to move the block in the liquid. Upon the upper face of the 
block, there is a downward force equal to the weight of the 
- column of liquid having this face as a base and having a height k 

On the lower face, there is an i 

upward force which is equal to the j Ji 
weight of a column of liquid which | ~f 

has an area equal to the area of 1 TrrE i 

the lower base and a height H ^ Ezz-T^ rzErr: 

equal to the depth of this face 1 F££rEE3: i£zEE: | 

below the surface of the liquid, i i 

The upward force exceeds the ^ — Ef £ EEVc r 
downward force by the weight of a E EE ££!£££££ EfE: 
column of liquid having a base 

equal to the area of the cross sec- Fig. 92.— Upward forces on the 

tion of the block and a height submerged body equal weight of 
1 , , . . , « , displaced liquid. 

equal to the height of the block. 

Now, the volume of this column is just equal to the volume of the 
liquid displaced by the immersed block, and the weight of this 
column is equal to the weight of the displaced liquid. The same 
sort of reasoning will hold for a body of any shape in any liquid. 
Hence, a body immersed in a liquid is lighter by the weight of the 
volume of liquid which it has displaced. 
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Example. — A piece of iron weighs 78 g. in air and 68 g. in water. What 
volume of water is displaced? What is the density of the iron? 

Weight of water displaced == loss of weight of iron in water 

- 78 g. - 68 g. = 10 g. 

Volume of water displaced = volume of iron = 10 c.c. 

Densitv of iron = — = 7.8 g. per cubic centimeter, 

volume 10 cu. cm. 

129. Archimedes^ Principle Applied to Fish. — Fish are capable of moving 
toward the surface or into deep water by regulating the quantity of water 
which they displace and, therefore, the force 
which urges them upward. By a disten- 
sion of the air bags in their bodies they can 
change their volumes and thus change the 
buoyancy of the water on them. This gives 
an upward force which causes them to rise. 

By a contraction of these air sacs the 
volume of the body is diminished and the 
fish sink. WTxen a fish in a vessel of water 
is placed under the bell jar of an air pump 
and the air removed from the bell jar, the§e 
air sacs are ruptured and the fish sinks to the 
bottom no longer able to float. 


Fig. 93. — Jloat valves and automatic controls of water supply depend for their 
action on Archimedes’ principle. 

130. The Float Valve. — In many cases it is desirable to have an automatic 
cut-off for the water which flows into a tank in order to regulate the supply 
of water. The flow of water from a pump operated by a windmill is often 
controlled in this way. In such cases (Fig. 93), a float is provided to 
operate the cut-off valve when the tank is sufficiently full. This float 
is a light hollow brass or copper sphere which has less weight than an equal 
volume of water. This sphere is buoyed up by the water in the tank 
according to the principle of Archimedes. As the water rises in the tank, 
the float is buoyed with greater and greater force until the valve to which 
it is attached by means of a lever is closed. In the case of the windmill, 
the buoyant force on the float is also made to throw the pump out of action. 

131. Floating Ship or Boat.— Since, according to the principle of Archi- 
medes, every floating body displaces a weight of liquid equal to its own 
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weight, it is possible to calculate how much water will be displaced by a ship 
or boat when it is afloat. It is evident that the ship will sink until the lifting 
force of the water is sufficient just to balance the weight of the ship. For 
this reason, the ship will sink deeper when loaded than when empty. Since 
salt water is somewhat heavier than fresh water, the boat will sink deeper 
in fresh water than in salt water. A modern submarine can sink below the 
surface of the water by letting more water into certain tanks and thus 
making the boat heavier than it was when riding on the surface. It rises 
from below the surface by again pumping this water out of the tanks, thus 
making the boat lighter than the water which it displaces. 

Example. — A barge is 30 ft. long and 16 ft. wide and has vertical sides. 
When two horses are driven on board, the barge sinks 2 in. farther into the 
Avater. How much do the horses weigh? 

Volume of displaced water ~ 30 ft. X 16 ft. X ^ ft. — 80 cu. ft. 

Weight of water displaced = 80 cu. ft. X 62.5 lb. per cu. ft. = 5,000 lb. 

Weight of horses == weight of displaced water = 5,000 lb. 


Buoyant^ 

force 


'fMetcfcenter 


132. Stability of Floating Bodies. — In order that a floating 
body like a ship be in stable equilibrium, it must tend to come 

back to its normal position when 
displaced from that position. 
The weight W of the body (Fig. 
94) acts downward at (?, the 
center of gravity of the body and 
the buoyancy of the displaced 
water acts upward through the 
center of gravity of the displaced 
water. When the body is dis- 


Cenfcr of 
gravity - 



\t Weight 


Fig. 94.—wiieii the center of placed from its normal position, 


gravity is below the metacenter the Center of gravity of the dis- 

placed water is shifted and the 
buoyancy of the displaced water acts upward through this point. 
These two forces, the weight of the floating body and the weight 
of the displaced water, must form a couple which tends to restore 
the body to its normal position if the body is to be in stable equi- 
librium. The condition for stability will be reali^jed, if the 
metacenter M lies above the center of gravity of the body. The 
position of the metacenter is determined by the intersection 
of two lines — one drawn vertically through the center of buoy- 
ancy, and the other drawn vertically through the center 
of gravity, G, of the body before displacement. If as in 
Fig. 94 the metacenter lies above the center of gravity of 
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' ^Buoyant force 
. Center of gravity 


the body, there is a restoring couple and the body is in stable 

equilibrium. If, ho^^^^ever, the metacenter lies below the center 

of gravity of the body as in Fig. 95 the couple which comes 

into play when the body is displaced from its normal position, 

tends to further increase the displacement and the body is not in 

stable equilibrium. The higher the metacenter is above the 

center of gravity of the body, the 

greater is the stability of the float- ^^facenkr 

ing body. , ^ ^^rC^^rofgravity 

133. Density and Specific buoyancy'"^^^ 

Gravity. — In order to determine ^ 

the density of a body, it is neces- 
sary to determine its mass and its 

volume. The density is then Weight 

found by dividing the mass by the Fig. 95.--If the center of gravity 
, rrf, ,1 T 1 is above the metacenter, the boat is 

volume. The mass of the body ^mstabie. 
is easily determined by weighing, 

but it is sometimes difficult to find the volume, especially 
when the body has an irregular shape. In such cases, the volume 
may be determined by an application of Archimedes^ principle. 
Since the body displaces a volume of water equal to its own 
volume and since each cubic centimeter of water weighs 1 g., the 
loss of weight in water is numerically equal to the volume of 
the immersed body. 

The numerical value of the density of a body depends on the 
units in which the mass and the volume are measured. In the 
c.g.s. system, the density is the number of grams per cubic centi- 
meter. In the British system, it is the number of pounds per 
cubic foot. 


The specific gravity of a body is the ratio of its density to the 
density of water at 4°C. Since in the c.g.s. system a gram is 
defined to be the weight of a cubic centimeter of water at 4°C., 
the numerical values of the density and the specific gravity in this 
system are the same. In the British system, however, they are. 
very different. 

134. Densily of Solids Heavier than Water. — When a body is 
heavier than an equal volume of water and is insoluble in water, 
its volume can be determined by finding its loss in weight when 
weighed in water. This loss of weight is equal to the weight of 
the water displaced, and if this loss of weight is expressed in 
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grams, it is numerically equal to the volume of the body in cubic 
centimeters. By dividing the mass of the body by this volume, 


the density is obtained. 

135. Density of Solids Lighter than Water. — If the body is 

lighter than water but insolu- 
ble, its volume may still be 
determined by this method by 
fastening to the body a sinker 
large enough to force it below 
the surface of the water. In 
this case (Fig. 96), the com- 
bined weight of the body and 
the sinker is first determined 
when the sinker is immersed 
in water and the body above 
the surface of the water. The 
body, is then also submerged 

Fig. 96. — Densities of floating bodies and the combined weight re- 
determined by weighing them inside , , . t 

and outside of a liquid. determined. The change in 

weight is due to the buoyant 
force of the water on the body and equal to the weight of the 
water displaced by the body. It, therefore, gives the volume 
of the body in cubic centimeters. The density is then 
determined as in the preceding case. 



Example. — A piece of cork weighs 50 g. in air. 
When it is fastened to a sinker and the sinker alone 
immersed in water, the combined weight of sinker 
and cork is 200 g. When both sinker and cork are 
immersed, they weigh 75 g. What is the density of 
the cork? 

Toss of weight due to submerging the body 


= 200 g. - 75 g. == 125 g. 

Volume of water displaced by body = 125 c.c. 

Density = ■ 

volume 125 c.c. 
cubic centimeter. 


0.4 g. per 



136. Specific -gravity Bottle. — specific- 97.— specific- 

1 /T-i- 1 . gravity bottle for de- 

gravity bottle (Fig. 97) is often used to termining densities, 
determine the specific gravity of liquids. It 
consists of a glass bottle of any convenient volume. This 
bottle is first weighed empty, then full of water, and then full 
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of the liquid the specific gravity of which is desired. The 
difference between the weight of the bottle empty and its weight 
filled with water gives the weight of the water in the bottle. 
Likewise, the difference between the weight of the bottle empty 
and its weight filled with the liquid gives the weight of the liquid 
in the bottle. The specific gravity is then found by dividing 
the weight of the liquid to fill the bottle by the weight of water 
to fill it. 


Specific gravity == 


weight of^liquid 

weight of equal volume of water 


Example. — A specific-gravity bottle when empty weighs 240.30 g. When 
filled with water, it weighs 390.30 g.; and when filled with alcohol, it weighs 
360.30 g. Find the specific gravity of alcohol. 

Weight of water - 390.30 — 240.30 == 150.00 g. 

Weight of equal volume of alcohol = 360.30 — 240.30 = 120.00 g. 


c . . weight of alcohol 120.00 g. 

peci c gravi y of equal volume of water 150.00 g. 


0.80. 


137. Hydrometer. — ^Another application of the principle of 
Archimedes is found in the hydrometer, which is 
extensively used for determining the specific gravity 
of liquids. It is usually made of a cylindrical glass 
tube (Fig. 98) which is provided with a narrow 
graduated glass stem. At the lower end of the 
hydrometer is placed a sufficient amount of mercury 
or shot to make the hydrometer sink to the desired 
level in the liquid. The depth to which the 
hydrometer sinks is determined by the density of the 
liquid, for the hydrometer sinks into the liquid until 
the buoyancy of the liquid is sufificient to overcome 
the pull of gravity on the hydrometer. The 
hydrometer then floats freely in the liquid, and the 
point at which the surface of the liquid touches 
the stem can be read and the density found directly jj JdrometT" 
from the graduated stem. Since the weight of for measuring 
the hydrometer remains the same, it will sink farther 
in light liquids like alcohol or kerosene than in 
heavier liquids like brine. For this reason the larger numbers are 
near the bottom of the scale and the smaller numbers near the 
top. Such hydrometers are now commonly used in finding the 
density of the acid in storage batteries (Fig. 99). 
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138. Lactometer. — A form of hydrometer is much used by dairymen in 
testing milk. For this reason it has taken the name of lactometer. Except 
for the way in which the scale is graduated, it does not differ from the 
hydrometer which has been just described. The specific gravity of cow’s 
milk usually lies between 1.027 and 1.035. In order to determine the 
specific gravity of the milk, it is then only necessary to know these last two 

figures. It is suffi(;ieiit to make the scale of 
the lactometer run from 20 to 40 which really 
means from 1.020 to 1.040. It is seen that 
the specific gravity of milk is greater than that 
of water. This is because the milk contains 
such substances as albumen, sugar, and 
various salts besides water. However, it 
cont-ains other substances like butter fat which 
are lighter than water. The specific gravity 
alone does not give very definite information 
concerning the composition of the milk. 

Problems 

1. A mixture of 4 1. of a liquid with sp. gr. 
0.92 and 6 1. of another liquid with sp. gr. 

Fig. 99. — Hydrometer used 1.18 shrinks to 9.5 1. Find the Specific 
to find density of acid in a gj-ayity of -the mixture, 
battery. 2 ^ ^ truck loaded to a total weight of 8,000 

lb. drives on to a ferry boat, causing the latter to sink }i in. deeper into the 
water. What is the area of the horizontal section of the boat at the water 
line? 

3. A cylinder of nickel weighs 437.5 g. in air. What is the density of a 
liquid in which it weighs 322.3 g.? 

4. A piece of brass weighs 1.5 lb. and has a density of 0.28 lb. per cubic 
inch. It is supported by a cord, in oil weighing 48 lb. per cubic foot. Find 
the pull on the cord. 

6. The density of aluminum is 2.65 g. per cubic centimeter. Find the 
volume and the mass of a specimen of aluminum which weighs 1.6 kg. under 
water. 

6. A piece of zinc weighs 42 g. in air and 37.2 g. when immersed in oil, 
with sp. gr. 0.8. Find the specific gravity of the zinc. 

7. A piece of brass having a density of 7.8 g. per cubic centimeter weighs 
858 g. when immersed in a liquid having a density of 1.25 g. per cubic 
centimeter. What is the volume of the piece of brass? 

8 . A piece of wood with a weight of 82 g. is immersed in water by using a 
sinker which weighs 42.5 g. in water. The combined weight of the wood 
and the sinker when both are immersed is 27.8 g. Find the density of the 
wood. 

9. A diver with his suit weighs 320 lb. Blocks of lead with a volume 
totaling 60 cu. in. attached to his shoes just cause him to sink. How many 
cubic feet of water are displaced by the suit? 
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10. Find the volume of cork, sp. gr. 0.25, which must be employed in a 
life preserver if it is designed to support one-fifth of a man’s body out of 
water, assuming a weight of 75 kg. and sp. gr. 1.00 for the body. 

11 . The density of rock salt is 2.18 g. per cubic centimeter. The mass 
of one salt molecule is 1.02 X lO"®^ g Find the number of molecules in 1 c.c. 

12. Two masses, one of 80 g. and the other of 120 g., balance each other 
when suspended in water from equal arms of a balance. If the densit 3 ^ 
of the 80-g. mass is 7.5 g. per cubic centimeter, w^hat is the density of the 
other mass? 

13 . If the specific gravity of ice is 0.918 and that of sea water is 1.03, find 
the volume of the submerged part of an iceberg when 600 cu. m. are exposed. 

14 . A block of ice is floating in fresh water. What must be its least 
volume to support a man weighing 70 kg. ? 

16. A bod.v was weighed in water, in oil, and in alcohol. Its loss of weight 
in water was 75 g., in oil 49 g., and in alcohol 60 g. What is the specific 
gra'^dty (a) of the oil, (b) of the alcohol? 



CHAPTER XI 


MECHANICAL PROPERTIES OF GASES 

139. Composition of the Air. — Just as water is the most widely 
distributed and most important of liquids, so the air is the most 
important and intimate of gases. It consists for the most part 
of two elements which are mixed together but not chemically 
combined. These elements are oxygen and nitrogen. In spite 
of the fact that there is no chemical union between them, the 
composition of the air is extraordinarily constant. Up to a 
height of 7 miles it always contains about 21 parts of oxygen to 
79 parts of nitrogen. Besides oxygen and nitrogen, the air con- 
tains small parts of other gases, the most important of which are 
water vapor and carbon dioxide. 

140. Weight of Air. — ^To an ordinary observer the air seems 
to have no weight and to offer little resistance to bodies moving 
through it. Yet smoke rises through the air and small balloons 
ascend out of sight. This is because the air is denser than 
the smoke or the gas with which the balloon is fiUed. The 
heavier air crowds the lighter gas upward as a piece of wood 
is forced to the surface of the water because it is lighter than 
water. 

If a hollow glass sphere provided with a stopcock is weighed 
when the stopcock is open and then connected to an air pump 
by which as much of the air as possible is removed from the 
sphere, and if now the stopcock is closed and the sphere weighed a 
second time, it is found that the second weight is less than the 
first. The difference between. these two weights is the weight of 
&e air removed from the sphere. If the volume of the sphere 
IS known and if it is almost completely exhausted, a fair approxi- 
mation to the density of the air can be obtained by this method. 
A liter (1,000 c.c.) of air at the temperature of melting ice and 
under standard conditions weighs 1.293 g. 

Example.— A hollow glass flask weighs 25.556 g. when it is empty. When 

It IS filled with dry air at atmospheric pressure, it weighs 26.849 g. The 
volume of the flask is 1 1. What is the weight of 1 c.c. of air? 

112 



MECHANICAL PROPERTIES OF GASES 


113 


Weight of air = ^ 26.849 g. — 25.556 g. - 1.293 g. 


^ . mass of air 1.293 
Density of air .volume of flask ~ WO 


0.001293 g. per 

cubic centimeter. 


141. Buoyant Effect of the Air. — Since air has weight, it 
produces a certain buoyant effect 
on bodies immersed in it Just as 
liquids do on bodies immersed in 
them. As the density of air is so 
much less than that of liquids, its 
buoyant effect is also much less sp/ 7 ere' 
than that produced by liquids. 

That air exerts a lifting effect on 
bodies immersed in it may be 
shown by suspending a lead ball 
(Fig. 100) from one side of a Fig. lOO. — The greater the volume 
smaU balance and a large hollow 
brass sphere from the other side. 

The hollow sphere is just heavy enough to balance the 
lead ball when both are in air. If the balance together 
vdth the suspended spheres is placed under a bell jar 
and nearly all the air removed by means of a pump, the 
lead ball will no longer balance the hollow 
sphere. This is because the lifting effect of 
the air on the hollow brass sphere is greater 
than its lifting effect on the lead ball for the 
reason that the hollow sphere displaces more 
air than the lead ball; and when this lifting 
effect has been removed, the true weights 
of the spheres become evident, and the 
hollow sphere is found to weigh more than 
the lead sphere. 

The gross lifting capacity of a balloon 
(Fig. 101) is equal to the weight of the air 
Fig. 101.— Buoyancy of which it displaces. The density of the air 

air on a balloon. , , j i i i . . , , 

becomes less at higher elevations, and the 
lifting effect of the balloon decreases as it ascends. For this 
reason ballast is carried in the car or basket and thrown over 
when it is desired to make the balloon rise higher. By allowing 
some of the gas in the balloon to escape, the balloon can be made 
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to descend. Balloons used to explore the stratosphere show how 
great the lifting effect of air is in such cases. 

Example. — A balloon has a volume equal to that of a sphere 15 yd. in 
radius. What is the gross weight which it will lift when the density of the 
air is 2 lb. per cubic yard? 

Volume of balloon = |7r(15)^ 14,132 cu. yd. 


Weight of air displaced by balloon = volume X density 

= 14,132 X 2 = 28,264 lb. 

142. Correction for Buoyancy of Air. — The buoyant effect of air is impor- 
tant in making accurate weighing on a sensitive balance. If the mass to be 
weighed and the brass weights used in making the weighings displace the 
same amount of air, there will be no error. If the density of the brass 
weights is greater than that of the body being weighed, the volume of the air 
displaced by the weights will be less than that displaced by the body, and 
the buoyancy of the air on the body will be greater than it is on the weights. 
This difference in buoyancy will make an error in the weighings so that the 
observed weight of the body will be too small. If, on the other liand, the 
density of the weights is less than the density of the body being weighed, 
the buo 3 "ancy of the air on the weights will be greater than it is on the body, 
and the observed weight wiU for this reason be too great. 

To get the true weight from the apparent weight, a correction must be 
made for the difference between the buoyancy'’ of the air on the weights and 
its buoyancy on the body. 

Let ir == the true weight of the body. 

w — the apparent weight of the body. 

D = the density of the air. 
d = the density of the object being weighed. 
di - the density of the weights being used. 

TT/d = the volume of the air displaced by the body. 

W /di — the volume of the air displaced by the weights. 

DW / d == the weight of air displaced by the body. 

DW/di = the weight of air displaced by the weights. 

DTI /d = the buoyancy of air on body being weighed. 

DW/di = the buoyancy of the air on the weights. 


True weight of body — observed weight + difference between the 
buoyancy of the air on the body and on the weights. 


TV = «;-}- 


WD 

d 


WD wD 

_ or TT = 


wD 

— y~ approx. 


143. Pressure of the Air. — Since a gas like air has weight, a 
column of it will exert a pressure just as a column of liquid exerts 
a pressure. Though a cubic foot of air weighs little, the height 
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of the atmosphere is large, and the weight of all this air pressing 
on the earth is large. That air exerts a pressure is shown by 
taking a thistle tube and covering the mouth with rubber dam so 
that it is air-tight. If the air in the thistle tube is partially 



Fig. 102. — ^Exploring tho, stratosphere with balloons, (a) Landing of the 
Explorer II in which Captain Stevens and Captain Anderson made a stratosphere 
flight, Nov. 11, 1935. (h) Diagrams showing how cloud forms mark altitudes in 

the lower atmosphere and the heights reached by the most important balloon 
flights. (© N. G. S. Reproduced by special permission of the National Geographic 
Magazine.) 

removed by means of a pump, the pressure of the air on the out- 
side of the rubber dam is greater than the pressure on the inside 
so that the rubber dam is stretched and forced inward. 

If a fairly large sirup can containing a small amount of water 
is placed on the fire and the water boiled for a while, the escapmg 
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steam carries most of the air out of the can. If the can is now 
removed from the fire and at the same instant closed by inserting 
a rubber stopper, the w^ater vapor which filled the can soon con- 
denses and leaves the can nearly free from air. This reduces 
the pressure on the inside of the can, and the atmospheric pressure 
on the outside causes the can to collapse. 

IM. Torricelli’s Experiment— An Italian named Torricelli 
first proved that the atmosphere exerts a pressure. He was able 
to measure this pressure in the following manner. A glass tube 
100 cm. long was closed at one end and completely filled with 

mercury. Care was taken that 
no air was held between the 
mercury and the sides of the 
tube. The finger was then 
placed over the open end of 
the tube and the tube inverted 
in a basin of mercury. When 
the finger was removed from 
the open end of the tube under 

Fig. I 03.~-Torriceiii’s experiment, the mercury, the mercury in 

Height of mercury independent of shape tube Sank until the level of 
or position of tube. • i i 

the mercury in the tube was 
about 76 cm, (Fig. 103) higher than its level in the basin. 
The pressure of the atmosphere on the mercury in the 
basin supported the mercury in the tube so that it did 
not sink farther. Since each cubic centimeter of mercury weighs 
13.56 g., the weight of this colunan is 76 X 13.56 = 1,033 g. 
for each square centimeter of cross section. This means 
that the atmosphere presses with sufficient force on each 
square centimeter to support a weight of 1,033 g. Since 
mercury is 13.56 times as heavy as water, the atmospheric pres- 
sure would be able to support a column of water which is 13.56 
times as high as this column of mercury, or 1,033 cm., which is 
equal to a height of about 33.8 ft. 

If this tube is carried up a mountain, the level of the mercury 
in the tube wifi, drop because there is less air above the tube in 
the new position than there was at the base of the mountain. 
The greater the. height to which the tube is carried, the greater is 
this drop. On the top of a mountain 1 mile in height the column 
of mercury stands 1.5 cm. lower than at the base of the mountain. 
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Example.— Assuming that the average density of the air at distances not 
greater than 1 mile above the surface of the earth is 0.001273 g. per cubic 
centimeter, jSind the change in the pressure on a balloon which has risen to a 
height of 1 mile. 

Change in pressure = weight of column of air between balloon and earth. 

Change in pressure = 5,280 X 30.48 X 0.001273 == 20.6 g. per square 
centimeter. 


145. The Mercury Barometer. — From this experiment of 
Torricelli has been developed the barometer, an 
instrument of the highest importance in modern life. 
There are two forms of mercury barometers. One 
of these forms (Fig. 104) is known as a cistern ba- 
rometer and consists of a Torricellian tube. The 
pressure of the air on the mercury in the cistern 
supports the mercury in the tube, as in the experiment 
of Torricelli. As the pressure of the atmosphere 
varies from hour to hour or from day to 
day, the height of this column varies. 

These variations in the height of the ba- 
rometer are made a basis for weather 
predictions. 

The other type of mercury barometer 
consists of a U-tube partly filled wdth 
mercury as indicated in Fig, 105. If both 
ends of the tube wnre open, the mercury 
wnuld stand at the same height in both 
parts of the tube. One end of the tube is 
closed, hownver, and there is a vacuum 
above the mercury in this part of the tube. 

The wnight of the column of mercury 
W'hich stands betw’-een the level of the 
mercury in the closed tube and the level 
^^Cistern~~ mercury in the open tube is sup- 

barometer. ported by the atmospheric pressure on the 
mercury in the open tube. The length of 
this column then gives a measure of the atmospheric pressure. At 
sea level, the length of this column is 76 cm. of mercury. Hence, 
it is customary to say that the atmosphere exerts a pressure which 
is equal to the weight of a column of mercury 76 cm. in height. 

146. Tlie Aneroid Barometer. — ^The aneroid barometer consists of an 
air-tight box (Fig. 106) having a corrugated top. From this box most of the 


Fig. 105.— 
Siphon 
barometer. 
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atmospheric pressure, 
Po/nfer 


Mainspring:^ 


air has beea removed so that the pressure inside the box is much less than 
The top of the box is a flexible diaphragm which 
moves inward and outward as the pres- 
sure on it is changed. As the pressure 
decreases, the diaphragm moves out- 
ward; as it is increased, the diaphragm 
moves inward. These movements of 
the diaphragm are slight but are mag- 
nified by a system of levers which are 
connected to a pointer which moves over 
a dial and thus indicates the change in 
pressure. The position of the pointer is 
marked when the atmospheric pressure is 76 cm. of mercury. By marking 
the points above and below this point, the variation of the pressure above 
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Fig. 106.— Aneroid barometer. 



Fig. 107. — Chart showing relation between temperature and altitude in the 
stratosphere on the flight of the Explorer II. The lowest temperature was 81 °F. 
below zero. (© N. G. S. Reproduced hy special permission of the National 
Geographic Magazine.) 

Example. — An aneroid barometer reads 75.35 cm. of mercury at sea level 
and 68.15 cm. on a near-by hill. How high is the hill? 


Change in pressure = 75.35 — 68.15 = 7.20 cm. of mercury 

- 7.20 X 13.56 = 97.92 g. per 
square centimeter. 

Height in centimeters = ^ 76,000 cm. 
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147. Depth of the Atmosphere. — Judging from the rate at 
which the pressure of the air decreases as a barometer is carried 
upward, it is thought that the depth of the atmosphere is about 
30 miles. Since the atmosphere becomes less and less dense as 
we ascend, at the height of 30 miles the air must be very rarefied, 
but it cannot be said to have entirely disappeared. Figure 107 
shows how the temperature of the air varies with the altitude 
and how the altitude can be found from changes in barometric 
pressure. 

148. Applications of Atmospheric Pressure. — The breathing of animals 
is an application of atmospheric pressure. A reduction of pressure is made 
by a movement of the lungs and the diaphragm, and then the greater pres- 
sure of the outside air causes a fre'sh supply to fill them. Sucking and 
drinking animals take advantage of atmospheric pressure to aid them in 
this operation. By reducing the pressure in the mouth they really allow 
water to be forced into the mouth by the outside atmospheric pressure. 
Even in eating, the atmospheric pressure helps to force the food from 
between the teeth after it has been masticated. 



B 


hi 


149. The Siphon. — ^The siphon is an instrument for trans- 
ferring liquid from a place of higher level to a place of lower 
level. It consists of a bent tube (Fig. ^ 

108) with the short end immersed in the 
liquid at the higher level and the other 
end immersed in the vessel into which the 
liquid is to be transferred. If the flow is 
once started, the liquid will continue to 
flow until it is at the same level in the two 
vessels. 

Evidently, the water must flow through 
the tube if the force pushing it in one 
dire(*tion is greater than the force pushing 
it in the opposite direction. The pressure 
on the surface of the liquid is atmospheric 
pressure. 

top of the tube pushing it to the right is 
atmospheric pressure less the weight of the column of liquid of 
height A 2 . The pressure on the liquid in the top of the tube 
pushing it to the left is atmospheric pressure less the weight of 
the column of liquid of height Ifix. Hence, the pressure toward 
the right exceeds the pressure toward the left by the difference 


Fig. 108. — The siphon. 
The force on the W'ater in the The difference of pressure 

at C causes the flow. 
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in the weight of these two columns of liquid. The pressure 
toward the right = P - dh and that toward the left = P — dhi. 

The net pressure = d(hi — h^. 


This is the pressure responsible for the flow on the basis the 
liquid is at rest, but the liquid is in motion and this fact may 



Fig. 109. — A form of siphon giv- 
ing an intermittent flow. 


change the pressure. 

If the water in the two vessels has 
the same level, the pressures balance 
and the flow ceases. The greater 
the difference in level, the greater 
the force and the more rapid the 
flow. Since the atmospheric pressure 
forces the water up to the bend in the 
tube, the water will not flow when the 
bend is higher than about 30 ft. above 
the level of the water in the vessel. 


Example. — In. the siphon shown in Fig. 108 the height of C above A is 
1,5 in. and the height of C above B is 36 in. Find the force driving the 
water through the siphon. 

Pressure driwng water through the siphon 

= {hi — h<^d = == 180 lb. per square foot 

= 1.2 lb. per square inch. 

160. The Intermittent Spring- — A siphon of the form indicated in Fig. 
109 will give an intermittent flow. When the water fills the vessel so that 



Fig. 110. — The intermittent spring. 


the siphon is completely covered, the operation of the siphon begins, and the 
flow will continue until the vessel is empty. The vessel will then again fill 
and the process will be repeated. 

^ An intermittent spring (Fig. 110) operates on the principle of such a 
siphon. The flow of water from the spring is periodic. After the spring 
has been once emptied, sufficient time must elapse for it to fill to the height 
at which the water will start to flow through the siphon. 
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161. Compressibility of Gases. — If we undertake to decrease 
the volume of a liquid by the application of pressure, it is found 
that it is necessaiy^ to apply enormous pressure in order to get 
appreciable changes in volume. The behavior of gases in this 
respect is quite different. It is easy to compress a body of air 
so that it occupies only one-third or one-tenth of its original 
volume. As soon as this pressure is removed, the air or other gas 
springs back to its original volume. The tires of automobiles 
are ordinarily filled with air. As more and more air is forced 
into the tire, the volume of the tire increases very little; but the 
air taken from the outside is forced to occupy much less volume 
than it originally occupied. As the air is forced into the tire, 
the pressure it exerts is more and more increased. 

The tendency of air to expand is seen when a puncture occurs in an auto- 
mobile tire and the air suddenly escapes. This tendency of a gas to expand 
also manifests itself when a toy balloon is placed under a bell jar and the 
air is removed from the bell jar by means of a pump. The balloon expands 
and bursts as soon as the pump is set in action. Before the pump is set in 
operation, the pressure of the air on the inside and on the outside of the 
balloon is nearly the same. That on the inside is only slightly larger than 
that on the outside. As the pressure on the outside is removed, the air on the 
inside expands as much as possible, causing the rupture of the balloon. 

152. Boyle^s Law. Relation between Pressure and Volume 
of a Gas. — The relation between the volume of any mass of gas 
and the pressure exerted by the gas upon the walls of the con- 
taining vessel was investigated by Robert Boyle and is known 
as Boyle’s law. This law states that at constant temperature 
the volume of a given mass of gas is inversely proportional to the 
pressure to which it is subjected. Thus, if vi and pi denote the 
original volume and pressure and V2 and p2 denote the final 
volume and pressure, 

ViVi ~ P2V2 = constant, 

or for a constant temperature the product of the pressure and 
the volume is a constant. By pouring mercury into the open end 
of the tube (Fig. Ill), the pressure on the air in AC is increased 
and its volume decreased. Since the density is inversely pro- 
portional to the volume, this law states that at constant temper- 
ature the density of a gas is proportional to the pressure. 

P2 d2 
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For high prossuros and low temperatures this law is only an 
g^pproximation. Gases which can be liquefied by the application 
of pressure do not obey this law near the temperature and pres- 
sure at which they begin to Hquefy. Figure 112 shows the 
relation between the pressure and volume of a gas at different 
temperatures. 



volume is constant. 



Volume 


Fig. 112. — Relation of pressure to vol- 
ume at different temperatures measured 
on the absolute scale, pv = constant. 


Example. — Allow 100 cu, in. of air under a pressure of 400 lb. per square 
inch to expand until the pressure is 20 lb. per square inch. What is the new 
volume? 

Original pressure X original volume = final pressure X final volume. 


PiVi = P 2 V 2 . 

Pi — 400 lb. per square inch. 
Fi = 100 cu, in. 

P 2 = 20 lb. per square inch. 
400 X 100 = Fa X 20. 

V 2 = 2,000 cu. in. 


Example. — What percentage of the air leaves a room when the barometer 
changes from 75 to 72 cm. of mercury? 

Density at 75 cm. _ 75 
Density at 72 cm, ^ 72 
- 1.04. 

The density of the air decreases 4 per cent, and 4 per cent of the air leaves 
the room. 
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Reduced 
( A pressure 


163. Applications of Boyle’s Law. — ^There are many important applica- 
tions of this law. When the faucet of a kerosene can (Fig. 113) is turned 
on, only a small amount of kerosene will run out of the can if the cap A is 
screwed down so that the can is air-tight. In this case, as the kerosene runs 
out of the can, the volume of air above the kerosene increases and its 
pressure decreases according to Boyle’s law. 

On the kerosene flowing out at the faucet, 
there is, under normal conditions, a pressure of 
1 atmosphere. Wlien the pressure of the air in 
the can together with that due to the weight of 
the kerosene exerts a pressure of 1 atmosphere, 
the flow ceases. If the screw cap A is now 
opened so that atmospheric pressure acts 
undiminished on the upper surface of the 
kerosene, the flow begins again. 

It is difficult to pour a liquid from a small- 
necked bottle without considerable sputtering. 

This fact is illustrated in Fig. 114. Suppose 
there is air at atmospheric pressure above the 
liquid at P. Then the weight of the column of 
liquid will be sufficient to cause a flow. While 
the flow is in progress, the air above the liquid expands and its pressure 
decreases. Before the flow ceases, the pressure wdll be decreased too far for 
equilibrium. This is because the liquid once in motion tends to keep 


Fig. 113.— Flow of liquid 
from a can. Pressure over 
the liquid may be less than 
atmospheric pressure. 
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Fig. 114.— Flow of 
water from a bottle is 
intermittent. 





moving until forced to stop. When the flow has ceased, more air will rush 
in through the mouth of the bottle. Too much air for equilibrium will 
rush in and the pressure above the liquid becomes too large. The flo'w will 
then begin again. This action causes the familiar gurgling which is noticed 
when liquids are poured from bottles. To prevent this gurgling and get a 
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steady flow, sometimes an auxiliary tube is inserted in the stopper. The 
air flows in through this tube continuously, and a steady flow of liquid is 
obtained. 

The drinking fountain (Fig. 115) is also an illustration of the expansion 
of gases according to Boyle’s law. The bottle containing some air is 


A 


Fig. 116. — fire bellows. Increase and decrease of pressure operates the valve. 




inverted. The air at atmospheric pressure in the upper part of the bottle 
permits some water to run out of the faucet. As the water flows out, more 
air is sucked in through the mouth of the bottle as in the preceding case. 
In the common fire bellows (Fig. 116), as the two sides B and C are pushed 
,, apart, the volume of the enclosed air is 
' increased and its pressure decreased in 
agreement with Boyle’s law. More air 
rushes in from the outside through the 
valve D. As the sides B and C are 
pushed together, the volume of the 
• enclosed air is decreased and the pres- 
sure is increased. This additional pres- 
sure on the inside closes the valve, and 
air is forced out through the nozzle. 
The nozzle A is made small so that little 
air will come through it, in comparison 
with that which comes through the valve 
D when the volume of the bellows is 
being increased. 

164. The Air-pressure Tank. — A mod- 
ern and highly practical method of 
storing pumped water for use on a farm 
is the pneumatic or compressed-air water 
tank. The principle of this tank, which 
i is an application of Boyle’s law, is very 

■Ftp 117 A* x i Simple. An air-tight steel tank (Fig. 

niG. 117. — Air-pressure tank for iiv^ o^TYn’l«r -i • i j 

water system. The lower the water • ^ Similar to a steam boiler, is placed 

in the tank, the less the pressure. ^ basement of a suitable building 

nk IS connected to a force pump. When the outlet pipe is closed 
water_ . pulped through the inlet pipe. At the begLL the 

LJthete^^the^-^K'^ is forced 

in?to compressed accord- 

mg to Boyle s law. When the taark is half full of water, the air occupies 
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one-half of its original volume and consequently exerts double its original 
pressure. As the pumping of the water into the tank continues, the pressure 
of the air above the water increases, and it becomes increasingly difficult to 
force more water into the tank. In this way, any desired pressure can be 
obtained in the tank. When a faucet is opened in any part of the house, 
water is forced from the tank through the faucet by means of the pressure of 
the air in the tank. As the water is allowed to flow, the volume of air above 


the water increases and the pressure of the air on the 
water decreases, so that when the tank is nearly 
empty, the pressure on the water is very small. 
When the tank is again filled with water, the pressure 
is again restored. 

Example. — When the water in the pressure tank 
(Fig. 117) stands at the water line, the compressed air 
above the water exerts a pressure of 30 lb. to the 
square inch. When enough water has run out of the 
tank to allow the air to become 1.5 times its original 
volume, to what height will the water rise in the house? 
By Boyle’s law, 

PiVi - P 2 F 2 

since 

Fj = |Fi orP. = |Pi 

Hence, the new pressure is two-thirds of the original 
pressure == 20 lb. per square inch. If the atmospheric 



pressure at the time = 15 lb. per square inch, the Fig. 118. — C o m - 


effective pressure for lifting water in the house is pressed-air lift. 


20 lb. — 15 lb. per square inch = 5 lb. per square inch 

= 5 X 144 = 720 lb. per square foot. 
Pressure = density X height. 

720 = 62.5 X h. 


h — 11.5 ft. 


166. Compressed-air Lifts, — The force exerted by air when compressed 
is often used in carrying w’ater from deep wrells. If an air compressor is 
available, the process is quite simple. A water pipe DC (Fig. 118) open at 
both ends is submerged in a well, and a smaller pipe AC delivers compressed 
air into it at its lower end, which is considerably below the level of the water. 
The compressed air escaping from the smaller pipe rises through the pipe 
CD, carrying wdth it a column of water. This water is discharged into an 
open tank above the ground where the bubbles of air escape. 


Problems 

1 . A balloon has a spherical bag with a diameter of 14 m. What is the 
weight of the air displaced when the density of air is 1.25 g. per liter? 
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2 . An aneroid barometer used as an altimeter is sensitive enough to detect 
a difference of elevation of 1 m. at sea level. How small is the pressure 
change detected? 

3. Air is pumped into a caisson at a pressure sufficient to keep out water 
at a depth of 28 ft. What must the pressure be, if the barometer reads 
29 in. of mercury? 

4. Assuming that the density of air at sea level is 0.001293, and the 
barometer reading is 760 mm. of mercury; what will be the barometer read- 
ing at an altitude of 50 m., neglecting the variation in the density of air? 

6. The volume of the gas bags of an airship is 140,000 cu. m. The density 
of air at 0°C. and at atmospheric pressure is 1.29 g. per liter and that of the 
hydrogen with which the gas bags are filled is 0.092 g. per liter. Find the 
ma.\imum weight which the airship will carry. 

6. A tank with a volume of 2 cu. ft. contains oxygen at a pressure of 200 
lb. per square inch. How much volume would be occupied by the gas at the 
same temperature at atmospheric pressure? 

7. The tank of a water supply system contains 150 gal. of air at atmos- 
pheric pressure; 120 gal. of water are then forced in. How great is the 
pressure in the tank? 

8. A cylindrical diving bell, open at the bottom, has a volume of 210 
cu. ft. and a diameter of 5 ft. How high will the water rise in the bell when 
it is immersed to a depth of 28 ft., if the pressure of the air originally was 29 
in. of mercury? 

9. An air bubble released at the bottom of a pond expands to two times 
its original volume by the time it reaches the surface of the pond. How 
deep is the pond? (Barometer reading is 74 cm. of mercury.) 

10 . A vertical cylinder with a radius of 4 in. and a height of 21 in. is closed 
by a piston weighing 32 lb. When the piston is released, where will the gas 
pressure balance its weight, if the original pressure is 15 lb. per square inch 
and no gas leaks out? 

11 * A cylinder 15 in. long is closed at one end. A gas-tight piston is 
introduced in the other end and pushed in a distance of a 5 in. What is 
the ratio of the pressure in the cylinder to the external pressure of the air? 

12. A man carries a barometer from the bottom to the top of a building 
which is 108 m. high. At the bottom of the building the barometer reads 
76 cm. of mercury and at the top it reads 75.05 cm. of mercury. Find the 
average density of the air. 

13 . A barometer is filled with glycerine having a density of 1.25 g. per 
cubic centimeter. At what height does it stand when a mercury barometer 
reads 76 cm. of mercury? 

14 . How much lower does the barometer stand on the top of a building 
which IS 150 m. high when the barometer at the base of the building reads 

/6 cm. of mercury? Take the density of air at 2rC. as 0.0012 g. per cubic 
centimeter. 
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FLUIDS m MOTION 

166. Flow of Liquids or Gases. — When fluids, liquids or gases, 
are in motion, they assume new properties which cannot be 
predicted from the behavior of fluids at rest. The simple laws 
of hydrostatic pressure no longer apply without modification. 
The pressures in the fluid depend on the conditions under which 
it is moving as well as on the characteristics of the fluid. 

When a liquid moves because of the application of a force, the 
shape as well as the position of the liquid may be changed. 
Because different layers of the liquid move with different speeds 
the internal friction between the various layers must be con- 
sidered. For example, the velocity of the water in a river is 
greater in mid-stream than it is near the bank and the velocity 
of the wind is greater, the higher we go above the surface of the 
earth. Water flowing through a circular pipe moves with increas- 
ing velocity from the inner surface of the pipe to its center. Fric- 
tion between the surface of the pipe and the water is greater and 
hence the velocity is smaller for the layer in contact with the sur- 
face of the pipe. For succeeding layers the velocity increases 
as the center of the pipe is approached. Each layer of water is 
pulled forward by the layer of water proving over it and backward 
by the layer of water over which it moves. The importance of 
these forces is seen in the difficulty of cranking an automobile on 
a cold day. 

157. Viscosity. — If tw'O beakers, one conta inin g oil and the 
other water, are tilted from side to side, it is seen that the mobility 
of the water is greater than that of the oil or that the oil is more 
viscous than the water. This property of a liquid or gas, known 
as mtemal friction or viscosity, is due to the frictional forces 
between the molecules. In gases internal friction or viscosity 
is much less than it i^ m liquids. A body moving through air or 
some other gas experiences retarding forces just as if it were 
moving through a liquid. These forces in a gas are less than in a 
liquid, because of the increased distance between the molecules. 
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Suppose that a liquid flows over a horizontal surface AB (Fig. 
119). The layer of liquid which is in contact with the surface 
remains stationary on account of adhesion, but each successive 
layer of liquid moves with respect to the layer directly below it. 
The speed of each layer increases with the distance of the layer 
from the solid surface AB. A more slowly moving layer tends 
to retard the motion of a more rapidly moving layer. To main- 
tain this set of conditions each horizontal layer must be acted 
upon by a tangential force in the direction of motion of the liquid 
and by a retarding force in the opposite direction. These 
forces are due to frictional forces between the particles of the 
- liquid when different layers are 



moving with different speeds. 
The dotted flgures abed and efgh 
show the distortion of the liquid 
when it is in motion. The upper 
layer fg travels faster than the 
lower layer eh. If the distance 


Fiq. 119. — Displacement of layers between these layers is I and the 
of a moving liquid with respect to con- i • 

ditions at rest difference in their speeds is v, 

the hquid experiences a shearing 


stress and the force necessary to produce this stress is F/A, 
where F is the total horizontal force and A is the area of the upper 
or lower face. When the difference in velocity is not too great, 


F_ 

A 


V F 



VI 

I 


where 77 is a constant called the coefficient of viscosity. For 
liquids it decreases with rise of temperature. 

168. Effect of Viscosity on Motions of Objects.— If an object is dropped 
from an airplane, the force of gravity at first exceeds the retarding force 
due to the frictional forces arising from the motion of the body through 
t e air. As the velocity of the body increases these frictional forces also 
mcrease, but the force of gravity remains constant. By and by the frictional 
forces ]ust balance the force of gravity. The motion then becomes uniform 
and there is no further increase or decrease in velocity. 

The mcrease of internal friction with the velocity of the moving body, 
accoun s for the excessive cost of operation when automobiles or trains are 
^ i^oderate speeds fluid friction increases directly 

e spee . t higher velocities it varies with the square or even the 



FLUIDS IN MOTION 


129 


cube of tne speed. Meteorites move through the air with such high veloci- 
ties that they become incandescent and rapidly vaporize (Fig. 120). 

“Streamlining” in airplanes (Fig. 121) is an attempt to reduce frictional 
forces of the air through which the plane is moving. The shape of the mov- 


ing part of the airplane is so chosen that 
it reduces the eddies in the air to a 
minimum. To produce these eddies, a 
certain amount of energy is necessary 
in excess of what would otherwise be 
necessary to propel the airplane. By 
reducing these eddies to a minimum, 
the power necessary to drive the air- 
plane at a given speed is decreased. 

Internal friction is also present in 
solids. The amplitude of a vibrating 
tuning fork decreases ’wdth the time. 
Energy is expended in displacing one 
layer of molecules in the prong of the 
fork with respect to another iaj^er. 
A force is necessary to produce this 
displacement. The magnitude of this 
force varies with the characteristics of 
the metal and its temperature. When- 
ever a solid is deformed so that one 
layer of molecules is displaced wdth 
respect to another layer, the forces of 
internal friction must be overcome. 
Where belts are used to drive machines, 
or where driving shafts are twisted, m 
must be done to overcome it. 



Fig. 120. — Meteor trail showing 
sudden increase in brightness. ' The 
resistance of the air is large for high 
velocities. {Astronomical photograph 
from Yerkes Observatory. Reprinted 
by permission of University of Chicago 
Press.) 

ternal friction appears, and work 



159. Lift Pump. — Water for household or farm purposes is 
usually lifted out of moderately deep wells by a lift pump. This 
pump (Fig. 122) consists of a cylinder which is connected to a 
Sfream Lmes^ pip^ The lower end of the 

^ immersed in the water 
in the well. At the bottom of the 
' cylinder there is a valve B which 
Fig. 121.— Streamlines to reduce opens Upward. ' A plunger P COn- 

taining a valve A opening upward 
is moved up and down in the cylinder by means of a 
pump handle. The valve B in the cylinder prevents any water 
above it from passing downward. As a handle is forced down- 
ward, the plunger is raised with the valve A closed. The 
water above the plunger is thus raised and flows out of the spout. 



130 


THE ELEMENTS OF PHYSICS 


The upward stroke of the piston reduces the pressure in the space 
below the plunger. The reduction of the pressure in this space 
allows the pressure of the air on the water in the well to force 
more water up the pipe S, through the valve B, into the cylinder. 

When the piston makes its next downward 
stroke, the valve B closes and the water 
above the valve is entrapped in the cylin- 
der. During the downward stroke the 
valve A in the piston opens and the water 
flows above the piston. The upward 
stroke is again repeated and the water 
flows out of the spout as before.' In order 
that the pump may operate, the valve B 
must not be more than 30 ft. above the 
surface of the water in the well. 

160. Force Pump. — In the force pump 
(Fig. 123) the suction pipe S with its valve 
A is just like this portion of the lift pump. 
Fig. 122 .— a lift pump. ^ outlet pipe with a valve B is connected 

to the lower part of the cylinder. As the piston moves down- 
ward, the water in the cylinder is forced through the valve B 
into the delivery pipe D. Raising the piston allows the valve A 
to open and water to be forced through it by the atmospheric 
pressure on the water in the well. On 
the downward stroke of the piston, this 
valve closes and the valve in the delivery 
pipe opens. 

In order to obtain a steady stream of 
water from the pump, an air cushion C is 
provided. On the downward stroke of the 
piston, the air in this chamber is com- 
pressed by the water flowing into it from 
the delivery pipe. While the piston is 
making its upward Stroke, the compressed 
air in this chamber expands and forces 
water through the delivery pipe. There 
results in this way a more or less steady stream of water through 
the delivery pipe. The compressed air in this chamber tends to 
prevent the jars and shocks which would accompany the starting 
and, stopping of the water if it flow'ed only on the downward 
stroke of the piston. 
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ISl. Measuring Pumps. — Pumps are often used in measuring tlie vol- 
umes of liquids, especially in the sale of gasoline. The ordinary piston 
pump can be used for this purpose, if means are provided for defining the 
length of the stroke and insuring that each stroke of the piston will discharge 
the same volume of liquid. This requires that the valves be tight and the 
piston close fitting so as to prevent leakage or slippage of the liquid past 
the valves or the piston. Such pumps may discharge either on the up-stroke 
or they may’ discharge on both the upward and downward strokes. In 
the former ease, they^ are said to be single-acting pumps and in the latter 
case they- are known as double-acting pumps. 

162. Circulation of the Blood. — In the circulation of the blood there is 
an interesting application of the principle of the force pump. In Fig. 124, 


Auric !e 


Rubber 

Nome 


Pressure in big veins 
0 lo 8 mm. 

Auricula- 
ventricular 
valve 

Venous 
pressure 
5 mm. 

Venous 
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Mean aortic 
pressure^ 105 mm 



'^"[Compression chamber 
>i^Aoria 


Mean brachial 
pressure 90 mm. 


'j^'{Arierio/e$ 

^Stopcock 


Capillaries 

Capillary pressure^' 

15-40 mm. 

Fig. 124. — Principle of force pump in circulation of the blood. 


a simple force pump and its circulating system are compared with the 
action of the left ventricle, aorta, etc. The manner in which the blood 
is forced from the left ventricle differs somewhat from the way in which 
the water is forced out by means of the pump. In the pump, a rigid piston 
descends vdthin a rigid cydinder and forces the water through the con- 
necting pipes. The force necessary to drive the plunger of the pump is 
derived from some outside source, external to the pump. In the heart, the 
elastic muscular walls of the ventricle contract as a whole and force the 
blood out through the arteries and capillaries. The energy necessary for 
this muscular work is derived from the potential energy of the materials 
brought to the heart by the blood. 

163. Water Motors.— By employing rotary water motors or water wheels, 
the energy of water may be used to run various kinds of machinery. Com- 
mon types of water motors are shown in Fig. 125. The stream of watei 
issues with great velocity’ in the form of a jet and strikes against the blades 
or buckets on the rim of the wheel After impact with these blades nr 
buckets, the water which has lost most of its velocity runs away to the 
drain or sewer. The impact of the water against the blades or buckets 



132 


THE ELEMENTS OF PHYSICS 


causes the wheel to rotate. By connecting the shaft of the water motor 


B A 




Fig. 125. Types of water wheels. The energy of the moving water is trans- 
ferred to the wheels. 



to the machinery, the desired power can be developed. Bucket wheels 

(Fig. 126) developing great horse- 
power are obtained in this way. 

164. A Hydraulic Ram. — When 
there is present an abundant supply 
of water which has a fall of only a 
few feet, it is possible by means of a 
hydraulic ram to elevate some of 
this water to a much greater height 
than that of the source from which 
the water is obtained. The hydrau- 
lic ram operates on the principle 
that, by allowing a large amount of 
water to fall through a small dis- 
tance, it is possible to raise a small 
amount of water through a much 
greater distance. The essential 
parts of a hydraulic ram are shown 
in Fig. 127. Through the pipe DE 
the water flows from the spring into 
the reservoir and then out at the 
waste valve B which is normally 
open. The water flowing through 
the pipe DE and out at the waste 
valve B soon attains considerable 
WpilV nf velocity. On account of the mo- 

--turn which it thus possesses, it 
pushes up with sufficient force to 
vcnhftT. +v,« c close the waste valve B 

the water Hfts 1° cheL^^aTw^ef 
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water continues to flow into the chamber C, the air in this chamber is com- 
pressed until the pressure of the air and the weight of the water are sufficient 
to stop a further flow of water into this chamber and force the water from 
C through the pipe FG. At this time, the pressure below the waste valve 



Fig. 127. — Hydraulic ram. The flow is intermittent. 


B is sufficiently reduced to allow the valve to open, and the flow of water 
through the waste valve begins again. The water continues to flow with 
increasing velocity until it exerts sufficient force to close the waste valve 
again. The action is then repeated as before. The operation is automatic 
with an intermittent flow at the delivery 


pipe. 

166. Force Exerted by a Jet. — Suppose 
that a jet of liquid impinges on a metal plate 
(Fig. 128) so that the direction of motion 
of^'the liquid is perpendicular to the plane 
of the plate, and assume that, after the 
impact of the liquid against the plate, the 
liquid flows off in a direction parallel to 
the plane of the plate. In such a case, the liquid is completely stopped at 
impact and its velocity reduced to zero. 


Fig. 128. — Impact of a liquid 
against a fixed wall. 


Let V ~ the velocity of the liquid before impact. 
d = the density of the liquid. 

a — the area of the cross section of the jet of liquid. 

V • d == the momentum of the jet per unit volume, 
t? • a = the volume of the liquid reaching the plate per second. 
d’ a - = the momentum of the liquid reaching the plate per second. 

This momentum is destroyed at the plate by the impact of the liquid against 
it. Hence, d • a • — the rate of change of momentum. According to 

Nevdon’s second law of motion, the rate of change of momentum is equal 
to the force which produces it. Hence, the force which the plate exerts 
on the water and also the force which the water exerts on the plate is 

F = d ' a ‘ v^. 

F 

Force per unit area — pressure — ~ 

If the surface of the plate is curved as shown in Fig. 129, so that the direc- 
tion of the motion of the liquid is reversed and the liquid leaves in the 
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opposite direction to that at which it came up and with a velocity equal to 
that with which it struck the plate, the momentum of the stream of liquid 
is at first destroyed by the plate, and then an equal amount of momentum 
is created in the opposite direction. The total change of momentum is 
then twice as much as in the preceding case and the force which the jet 
exerts on the plate is also twice as large as in the preceding case. The force 

in this case is, 

F' = 2d -a- v\ 

and the pressure is 

F' 



p' = - = 2d • v\ 
a 

In some forms of water wheels the 

Fig. 129.— Force exerted by a blades are made in the form of cun- 

is reversed. shaped pockets. By means of these cup- 

shaped blades, the water is given a 
velocity in the reverse direction on leaving the blades. This reversal 
m the direction of the velocity of the water increases the force exerted on the 
crater wheel and thus increases its efficiency. 

166 . Pressure m a Moving Fluid.— In a liquid at rest, the 
pressure at all points at the sanae level in connecting vessels Ls 
always the same, but in a moving liquid the pressure at two 
pomts at the same level may be quite different. In the case of 
fluid flowing through pipes, the internal friction betw'een the 
layers of fluid also causes a decrease in the pressure of the fluid 
as the distance from the source of the fluid increases. Many 
phenomena of this type have great scientific and economic 
importance, and it is desirable to ^ 
discuss the principles governing 
the flow of fluids in such cases. 

An interesting illustration arises 
in the case of a liquid flowing 
through a pipe in which there is a 
constriction (Fig. 130). Because 





A 






Va<Vs 



A 




> w ^ ^ 

tne cross section of the pipe is 130.— Velocity of a liquid in a 

smaller at B (Fig. 131) than it is variable cross section. 

Son if ^ S velocity of the liquid must be greater at B 

pflcb nr'* ^ ^ order that the flow of the liquid through 

velopitv * f S'' same. Consequently, the 

rerion / *5® increases in going from the region A to the 

oMhf itffi Soing from B to C. The momentum 

q id per cubic centimeter is greater at B than it is at 
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.4 or at 0. Hence, there is an increase in momentum in going 
from Jl. to jB, and a decrease in going from B to C. Now accord- 
ing to Newtoll^s second law of motion a force is always necessary 
to produce a change of momentum. In this case, this force 
must be the difference in pressure in the liquid at .^4 and at B 
or the difference in pressure in the liquid at B and at C. Between 



Fid. ISl. — Pressure is least where speed is greatest. 


.•1 and B the momentum is increased. Hence, the pressure at 
A must be greater than the pre.ssure at B, so that the difference 


ol pressure will be positive and in the direction from .4 to B, 
producing a positive acceleration in the liquid. Similarly, the 
momentum per cubic centimeter is greater at B than at (7, so 
that a net force must operate in the direction from C to B, 


producing a decrease in velocity. 
Hence, the pressure at C is greater 
than it is at B, In Fig. 131, the 
respective heights of the liquid at -4, 
B, and C indicate the pressure at 
these points in the tube, 

167. Torricelli’s Theorem, — ^This 
theorem deals with the velocity of 
flow of a liquid through an opening 
when the pressure on the liquid is 



due entirely to the weight of the 132.— Efflux of liquid from 

liquid. In Fig. 132, the opening is office. 


at a distance h below the surface of the liquid. The kinetic 


energy per cubic centimeter with which the liquid emerges 
from the orifice is }4pv^ ergs. The liquid does not have 
any kinetic energy^ at the top of the tank. In going from 
the top to the bottom of the tank, the potential energy decreases 
by kpg ergs per cubic centimeter. This potential energy has 
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been transformed into kinetic energy. By the law of con- 
servation of energy, the loss in potential energy in this case must 
just equal the gain in kinetic energy. 

pgh = 

= 2gh. 

V = V2gh. 

Example. — Find the velocity with which water flows from an opening 
which is 64 ft. below the level of the water. 


= V 2 X 32 X 64 = 64 ft. per second. 


168. Illustrations of Changing Pressure in Fluids, a. A Ball in an Air 
Jet — A light ball can be held in position in an air jet as shown in Fig. 133. 


Mr fn fake 



ball supported by a 
jet of air. Pressure 
above the ball is less 
than below it. 



Fig. 134. — Motion 
of a rotating pitched 
ball. Pressure on one 
side less than on the 

other fsirle 


In the space between the surface of the nozzle and the surface of the ball 
the pressure is less than atmospheric pressure, and this difference in pres- 
sure holds up the baU against the action of gravity. 

h. Pitched Baseball. — Suppose a baseball pitcher throws a ball so that it 
spins around its ovm axis as it leaves his hand. The pressure on the side A 
(Fig. 134) is greater than it is on the side B. Because of this fact, the air 
exerts a force on the ball in the direction of the dotted arrows As a result 
of this force, the ball moves in a curve instead of a straight path. 

c. Force on Wings of AfrpZane.— The lifting effect on the wings of an air- 
p ane (Figs. 135 and 136) show a most important illustration of changes in 
pressure due to difference in speed of the air above and below the surface of 
the wing. 
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d. The Sprayer . — The forward stroke of the piston (Fig. 137) compresses 
the air in the cylinder, forcing a stream of air past the end of the tube D. 
The other end of this tube is immersed in the liquid which is to be sprayed. 
The stream of air flowing past the open end of the tube reduces the pressure 



Fig. 136. Reduced pressure above the wing produces the lifting effect. 




on the liquid m the tube. Atmospheric pressure acting on the surface of the 
liqmd m A forces more liquid up into the tube D from which it is carried 
away by the stream of air. A spray results from this mixture of air with 
the fine particles of liquid. 
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c. The Latigmuir Diffiidon Pump.— Mercury vapor diffusing through the 
constriction at 0 (Fig. 138) causes a reduction in the pressure which results 
in the diffusion of the gas from the vessel to be exhausted into the annular 
space about 0. This gas is entrained with the 
mercury vapor. By means of a water jacket, 
the mercury vapor is condensed, and the mercury 
returns to the chamber from which it came and 
is there reevaporated. This diffusion pump 
must be backed up by some kind of a mechanical 
pump (Fig. 139). 

Problems 

1. Water flows at the rate of 1 liter per second 
from a hole at the bottom of a tank in which the 
water is 2 m. deep. Find the rate at which the 
water would escape if an additional pressure of 
10 kg. per square centimeter were applied to the 
surface of the water. 

2. Two pipes are connected by a third pipe which has a smaller cross 
section. The pressure is 120 lb. to the square inch in the larger pipe and 




Fig. 18S. — Mercury diffu- 
sion pump. 


Fig. l.39.—Oil fore pump used with diffusion pump. {Co'iirtesy Welch Manufac- 
fnring Company.) 

70 lb, per square inch in the smaller pipe. The pipes are horizontal. 

eglecting friction, calculate the speed of flow in the smaller pipe if speed 
of flow in the larger pipe is 8 ft. per second. 
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3. Find the velocit}" with which water in a tank will be forced through 
an orifice in the side of the tank if the orifice is 1 ft. below the surface of the 
water in the tank, and there is a pressure of 125 lb. to the square inch on the 
surface of the water in the tank. Take atmospheric pressure as 14.7 lb. 
per square inch. 

4. Find the velocity of efflux of water from a hole in the side of a tank 
when the water in the tank is 24 ft. above the hole. If the area of the hole 
is 1.0 sq. in., how many cubic feet will be discharged each second? 

6. Compute the pressure in a tank of water which will cause the water 
flowing from an orifice in the side of the tank at a height of 7.5 m. from the 
ground to strike the ground at a distance of 22.5 m. from the foot of the 
tank. 

6. At what rate will water discharge from a tank, which is 12 ft. deep, 
through an orifice which is 0.5 in. in diameter? 

7. A tube having a cross section of 5 sq. cm. and a length of 400 cm. is 
inserted in the top of a cylindrical box 150 cm. high with radius of 25 cm. 
The tube and the box are filled with water. Find the force on the upper and 
lower faces of the cylindrical box. 



CHAPTER XIII 

ELASTICITY AND STRENGTH OF MATERIALS 

169. Stress.— When a cable supports an elevator or a belt 
transmits power from one puUey to another, there is a pull 
applied to each end which tends to pull one part away from the 
neighboring parts. In such a case the belt or cable is sustaining 
a stress, and if this stress is sufficiently large the belt or cable 
breaks. "^Tien one end of a post is placed on a foundation and 
a load is placed on its top, the post resists a push at each end 
which tends to shorten it and may crush it. The first stress is 
a tensile stress and the second is a compressive or crushing stress. 
There is another kind of stress by which a screw is broken when 
trying to twist it into hard wood with a screw driver. In this 
case the molecules are so displaced with respect to each other' 
that they no longer hold together. When a beam is bent or a 
rod twisted, one layer of molecules is sheared over a neighboring 
layer and made to occupy a new position. Stresses of this kind 
are called shearing stresses. When equal force is applied on 
all sides of a body, its volume is changed, but its shape remains 
the same. The force which produces the change in volume is 
also called a stress. 

The stress is defined to be the force per unit area and is found 
by dividing the total force by the area to which the force is 
applied. 

170. Strain. — ^The term strain is apphed to any change occur- 
ring in the dimensions or shape of a body when forces are applied 
to it. A wire from which a weight is hanging becomes longer as 
the load is increased. The strain in this case is called longitudi- 
nal strain and is calculated by dividing the change in length by 
the original length. It is, therefore, the change in length per 
unit length. 

Let L = the original length of the wire. 

I = the change in length due to the added load. 
l/L = the longitudinal strain = change in length per unit 
length. 


140 
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Example. — A piece of brass wire 27.1 cm. long is found to be stretched 
0.133 cm. by a load of 0.5 kg. What is the longitudinal strain? 

. increase in length 
Longitudinal strain - original iength" 

0.133 cm . 0 0049 cm. per centimeter of length. 
27.1 cm. 


A body which is subjected to uniform normal stress all over 
its surface changes its volume. For example, when pressure is 
applied to an enclosed volume of a fluid, the volume of the fluid 
is decreased. This change of volume with increase of pressure 
is more noticeable in the case of gases than in the case of liquids. 
This kind of strain is knowm as volumetric strain. 


Let 7 = the original volume of the liquid, and 

V == the change in volume produced by the application 
of pressure. 

Then vjY — volumetric strain or change in volume per unit 
volume. 


Example. — A steel cylinder having a volume of 900 cu. in. is subjected 
to a hydrostatic pressure and its volume decreases 0.57 cu. in. Find the 
volumetric strain. 


Volumetric strain = 


change in volume 
original volume 

= 0.000633. 

900 cu. m. 



Shearing strain occurs when a body is subjected to a shearing 
stress (Fig. 140). If one cover of a thick book is held firmly on 
the table, and a force parallel to the top of the table is applied to 
the other cover, the shape of the book is changed. Its thickness 
remains the same. If a shearing strain is applied to a rectangular 
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block, the shearing strain produces the result shown in Fig, I 41 . 
In cases of this sort, the shearing strain is measured by deter- 
mining the angle through which a vertical line in the body has 
been rotated by the shearing force. This angle is denoted by x in 
Fig. 141, and it is measured in radians. 


r 

A 

B E 

Fig. 141. — Shearing stress in a bar of rectangular cross section. 



Since tan x = CC‘ /BC and since for small angles tan x is 
approximately equal to x, 


Shearing strain ~ x = 


GC 

BC 


; approx. 


Example. — A rectangular block of metal 10 cm. high rests on a horizontal 
table. A force which is parallel to the surface of the table is applied to 
the upper surface of the block and produces a displacement of 1mm. in 
the face C^G (Fig. 141). What is the angle of shear? 

Shearing strain = ^ ^ 0.01 radian. 

171. Modulus of Elasticity. — ^Elasticity is that property of a 
body by virtue of which it tends to return to its original shape 
and dimensions when the distorting forces have been removed. 

In many kinds of material, this return is virtually perfect if the 
material has not been loaded beyond a certain limit called 'the 
elastic limit. If the body is loaded beyond this limit, it does 
not completely recover its original shape and dimensions. In 
some cases, the return of the body to its original condition is 
delayed for some time especially after long-repeated distortions. 

The modulus of elasticity is defined as 

Modulus of elasticity = 

strain 

The stress as already defined is taken to mean the force per unit 
area producing the deformation, and the strain means the frac- 
tional deformation produced by the stress. 

172. Hooke’s Law. — If observations are made on the change 
in the length of a wire produced by hanging various loads on it, 
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it is found that the change in length is proportional to the load 
which produced it. When one end of a rod is held firmly and the 
other end twisted, the angle through which the end is twisted 
with, respect to the fixed end is proportional to the moment of 
force which produced the tvdst. In like manner, experiments 
show that beams are bent and springs are stretched amounts 
which are proportional to the loads which were applied. These 
observations may be stated in the form of a single law which 
was discovered by Hooke and bears his name. Hookers law 
states that strains are proportional to the stresses producing 
them. 

Stress = constant X strain. 

This law is obeyed by many substances if they are 
not strained beyond their elastic limit. 

173. Young’s Modulus of Elasticity. — Where 
a rod or wire (Fig. 142) is pulled or pushed so 
that there is a longitudinal stress and a longi- 
tudinal strain, the modulus of elasticity is called 
Young's modulus of elasticity. It is defined as 
follows: 

Let W = the pull or weight applied to the wire. 



a = the cross section of the wire. 142.— 

L = the original length of the mre. tas^f^eiasTioHy' 

I = the change in length produced by The elongation is 


Then, the longitudinal stress = W ja = force per unit area on 
cross section of the wdre. 


Longitudinal strain = ^^augemleng^ ^ 

onginal length L 

Young's modulus = ^ ^ — x-^ 

strain \aj \LJ a ^ I 

(For numerical values see table, page 767.) 

Example. — A wire 120 in. long with a cross section of 0.125 sq. in. hangs 
\ertically. When a load of 450 lb. is applied to the wire, it stretches 0.015 
in. Find Young’s modulus of elasticity. 
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stress _ W /a _ 450/0.125 _ 

Young’s modulus = “ l/L ~ 0.015/120 

2.88 X 10’ lb. per square inch. 

174. Volume Elasticity.— When a body like a piece of iron is 
immersed in a liquid so that a uniform pressure is applied to its 
surface, there is a change in volume and its volumetric elasticity 
must be considered. 

Let p = the increase of pressure applied. 

V = the change in volume produced by this pressure. 

V = the original volume. 

Modulus of _ volumetric stress 

volumetric elasticity ” volumetric strain 

force per unit area 

~ change in volume per unit volume 

E = (Appendix E-2.) 

(For numerical values see table, page 767.), 

Example. — The modulus of volume elasticity of copper is 6,600,000 lb. 
per square inch. A sphere of copper having a volume of 100 cu. in. is sub- 
jected to a pressure of 1,000 lb. per square inch. Find the change in volume 
which takes place. 

change in pressure per unit area p 
change in volume per unit volume v/V 

6.600.000 lb. per square inch. 

1.000 lb. 

1,000 

ii/lOO' 

^ = 0.016 cu. in. 

175. Limit of Elasticity. — body which has been deformed and 
then released will return to its original size and shape unless the 
stress has exceeded a certain limit. This maximum stress for 
which a substance will completely recover its original size and 
shape is caUed the limit of elasticity. It differs widely for 
different substances. It is high for a substance like steel and low 
for a substance like lead. Figure 143 shows the relation between 
the tension and the elongation above and below the elastic limit. 

When a metal rod is stretched beyond its limit of elasticity, and 
the stress is still further increased, a stage is reached at which the 


E =■ 

E = 

V = 

6,600,000 

V = 
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rod begins to stretch rapidly even if the stress is somewhat 
decreased. This stage is called the yield point. Although the 
metal is cold, it behaves as if it vrere in a semifluid state. 

20 


V 10 


' Elongation 

Fig. 143. — Relation between tension and elongation of a wire. Near the elastic 
limit Hooke’s law fails. 

176 . Elasticity in Tissues and Bones. — The elasticity of connective tissues 
plays an important part in the body. It offers a means of resistance to 
permanent distorting force, such as musSular tension and the force of gravity. 
The elasticity of the disks between the vertebrae assists in keeping the body 
in an erect position. The elasticity of the ribs restores the chest waU to its 
normal position when the muscles relax in respiration. In the circulation 
of the blood an intermittent movement i^ transformed into a continuous 
movement of an elastic medium. 

The head of the femur (Fig. 144) furnishes a good illustration of shearing 
stress and lines of stress in the 
bones of the body. Two kinds of 
stress, tension and compression, are 
present in this case. The outer or 
convex side of the bone has to resist 
tension, 1711116 the inner or concave 
portion below the head carrying the 
load sustains compression. The 
lines of stress vrhich run along 
the outer convex side and curve 
downward as the head of the bone is reached are lines of tension. The other 
system of curves which start from the inner side of the shaft and spread 
outward so that they are concave downward are lines of compression. In 
the compact tissue of the shaft, the lines of compression and tension run 
parallel to each other. The central portion of the shaft bears no strain and 
is, therefore, hollow. 




177. Stiffness and Strength of Beams. — It is important to 
be able to calculate the bending (Fig. 145) which will be produced 
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in a beam by a given load. Experiments on beams of different 
size and shape have shown that the bending for a given load 
depends on the length of the beam, on its breadth, and on its 

depth. The relation between 
these dimensions and the stiff- 
ness of a beam of rectangular 
cross section can be expressed as 
follows : 



7 /^^ ' 


Load 


Stiffness factor = 

Fig. 145.— Bending of beams. The brea dth X (depth)^ 

deflection is proportional to the applied (length) ^ 

force. 

Example. — Find the stiffness factor 
of a rectangular beam which is 20 ft. long, 4 in. broad, and 6 in. deep. 


Stiffness factor 


864 


4 X (6)3 
(12 X 20)3 13,824,000 


= 0.000063. 


The stiffer of two beams is not necessarily the stronger. This 
means that the bending of a beam does not give at once the true 
measure of its strength. The strength does, however, depend on 
the same dimensions on which the stiffness depends, but it 
depends on these dimensions in a different way ^ ^ 

from that in which the stiffness depends on them. 

Strength factor = ^eadth X (depth)^ 
length 

Example. — ^Find the ratio of the strengths of the following 
beams: 

Beam A: length 20 ft., breadth 3 in., depth 6 in. 

Beam B: length 30 ft,, breadth 6 in., depth 4 in. 


Strength of A 
Strength of B 


. 3 X 62 20 
6 X 42 30 


16' 



D 

Fig. 146. — 
An I-beam 
gives greatest 
strength and 
stiffness for 
least weight. 


178. Cross Sections of Beams. — Where rectangular 
wooden beams are used, thej^ are placed so that the depth 
is greater than the breadth. Both the strength and the 
stiffness are proportional to the breadth, but the stiffness 
increases as the cube of the depth and the strength increases as the 
square of the depth. In order to place the beam so that the stiffness and 

I,! depth must be made as great as 

^sable. In steel beams, in order to get the greatest stiffness and strength 

Z tnn w ’"®*f*'* beam account is taken of the fact that, in bending, 
the top layer of a beam is shortened and must resist compression, and the 
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lower layer is lengthened and must resist a tension. The central layer, 
however, remains the same length. To make the beam as strong or as stiff 
as possible for a given amount of material, as much material as possible 
should be put in the upper and lower layers and as little as possible near the 
middle. For this reason, iron beams are designed as indicated in Fig. 146. 



Fig. 147. — Distribution of stresses in a beam supported at both ends. Photo- 
graphed with polarized light, {Courtesy M. M. Frocht, Carnegie Institute of 
Technology,) 

They are called I-beams and give the greatest strength and stiffness for a 
given amount of iron. 

The distribution of the stresses can be studied by making a model of the 
member out of transparent bakehte and making photographs by means of 
polarized light. These photographs show the distribution of the stresses. 
Figure 147 is a case of pure bending in a beam supported at both ends. 



Fig. 148. — Tensile stresses in a member with semi-circular grooves. Photo- 
graphed by means of polarized light. {Courtesy M. M. Frocht, Carnegie Institute 
of Technology.) 


Figure 148 shows the stresses produced by tension in a member in which 
there are semicircular grooves. 


Problems 

1 . The contraction per unit volume of water is 3.5 X 10~® for a pressure 
increase of 1 lb. per square inch. Find the change in volume of the water 
in a tube 1 yard long and 2 sq. in. cross section, when a pressure of 600 
lb. per square inch is applied to the water. 

2. A brass wire with a cross section of 1.2 sq. mm. is 180 cm. long when 
supporting a load of 3 kg. How much longer will it be when the load is 
increased to 5 kg. ? 
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3. A steel cable 200 ft. long is to be thick enough so that an additional 
load of 200 lb. on the cable will increase the length by no more than 0.1 
in. What must be the diameter of the cable? 

4. A wire 2 m. long, with a diameter of 0.8 mm., is elongated by 0.4 mm. 
w^hen a 2-kg. w’-eight is hung on it. What is Young's modulus for the 
material? 

6. How much will a copper wire 15 m. long stretch when a load of 1.8 kg. 
is applied to it, if the cross section has an area of 0.025 sq. cm.? Young's 
modulus for copper is 1.2 X 10 dynes per square centimeter. 

6. An elevator must carry a maximum load of 4,000 lb., and its maximum 
acceleration is to be 6 ft. per second per second. Find the cross section of a 
cable which is necessary to operate this elevator, if the safe working stress 
of a steel cable is taken as 15,000 lb. per square inch. 

7. If the density of water at the surface of a lake is 0.99, find the depth 
:it which the density wdll be 1.00. 

8. A hollow cast-iron pipe must support a load of 4,000 lb. without 
decreasing in length more than 0.02 cm. The length of the pipe is 90 cm. 
What must be the inner radius of the pipe if the outer radius is 8 cm.? 
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179. Circular Measure of Angles. — Instead of measuring 
angles in degrees, it is convenient in science to define a new unit 
of angular measure. This tmit is called a radian. On the cir- 
cumference of a circle (Fig. 149) lay off 
an are AC which is equal in length to the 
radius OA. The angle AOG subtended by 
the are AC is defined as a radian. Or a 
radian is an angle which subtends an arc 
equal to its radius. Since the radius can 
be applied, to the circumference “hr times, it 
follows that 



360 deg. = 2 t radians. 

1 radian = 57.3 deg., approx. 


Fig. 149. — Definition 
of a radian. Angle at 0 
is a radian if OA — AC. 


From this definition of a radian we have the relation 


^ R’ 

where x == the angle in radians. 
s = the arc. 

R = the radius. 

Example. — Find the number of radians in an angle of 45 deg. 

number of degrees 
Radians ^ — 

o7.3 

= 0.78 radian. 

180. Angular Velocity. — ^Let one end of a line OA of Fig. 150 
be fixed and then let the line revolve in a plane about this fixed 
end. The rate at which the line rotates is called its angular 
velocity. (Appendix D-6.) The number of radians swept out 
by the line per unit of time gives the angular velocity. If 
the rate of rotation of the line is constant, the angular velocity 
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is constant and is equal to the angle through which the line turns 
in unit time. The angular velocity may also be measured in 
revolutions per second or per minute. The angular velocity in 


B 



Fig. 150. — Relation between angular velocity and linear velocity. Angular 
velocity times radius gives linear velocity. 



Fig. 151. Change of speed along the radius of a wheel. The greater the 
distance from the axis, the greater the linear speed. {Courtesy Welch Manu- 
facturing Company.) 

radians is then given by multiplying the number of revolutions 
per unit of time by 2t, the number of radians in one revolution. 

Example. A wheel makes 5 revolutions per minute. What is its angular 
velocity? 

Angular velocity = 2x X number of revolutions = 6 >. 

CO = 2tr X 5 = -y- radians per minute. 
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The linear velocity of a point on the line OA increases as the 
distance from the axis of rotation increases. Thus the linear 
velocity of A is largest and equal to oovz while that of A' is less 
and equal to o;r 2 . This fact is made use of in a number of devices 
for the regulation of speeds in machines. Figure 151 shows a 
device for regulating the rate at w^hich a shaft revolves. It is 
an application of the fact that the linear speed increases as the 
distance from the axis of rotation increases. 


181. Angular Velocities in Pulleys and Wheels. — When a belt is stretched 
around two pulleys, as in Fig. 152 or 153, the angular velocities of the pulleys 



Fig. 152. — Angular velocity of Fig. 153. — Reversal of direction of 

pulleys. rotation of pulleys. 


are not the same unless the pulleys have the same radii. In Fig. 152 the 
directions of rotation of the pulleys are the same, but in Fig. 153 their direc- 
tions of rotation are opposite. The linear velocities of points on the cir- 
cumferences of both pulleys are equal 
to the linear velocity of the belt. 

If, 

Y = the linear velocity of the belt, 

LOA = the angular velocity of A, 

COB — the angular velocity of B. 

Ra = the radius of A. 


Rb = 


<^A 

COB 


the radius of B. 

JF 

Ra 

Rb 

Ra 



Fig. 154. — The angular velocities of 
toothed wheels are inversely propor- 
Hence, the angular velocities of the number of teeth, 

pulleys are inversely proportional to their radii. In this way, it is possible 
to increase or decrease the angular speed at which one of the pulleys is 
driven. 

By means of toothed wheels (Figs. 154 and 155) the same kind of altera- 
tion of angular velocities may be produced. In this case there can be no 
slipping, and the angular velocities of the wheels are inversely proportional 
to the number of teeth. 


iAA . Nb 
WJB N A 
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182. Angular Acceleration.— The rate at which the angular 
velocity changes is called the angular acceleration. (Appendix 
D-7.) It is the increase or decrease in angular velocity per unit 
of time. It is related to the angular velocity in the same way in 

which the linear acceleration is 
related to linear velocity. In 
an angular acceleration as in 
linear acceleration it is necessary 
0^1 to specify two units of time. 
One of these units gives the unit 
of time in which the angular 
velocity is measured^ and the 
other gives the unit of time used 
to measure the change in the 
angular velocity. Ordinarily, the same unit of time is used in 
both cases. 



Fig. 155. — By means of toothed 
wheels angular velocities can be 
increased or decreased. 


Example. — At a certain instant the angular velocity of a wheel is 30 
radians per second. In 10 sec. the angular velocity has become 50 radians 
per second. What is the angular acceleration? 

. , lx* change in angular velocity 

Angular acceleration = 

tune 

= 50 radians per second — 30 radians per second 
10 sec. 

= 2 radians per second per second. 

183. Equations of Angular Motion. — ^The equations for angular 
motion have the same form as the corresponding equations for 
rectilinear motion. 

1. If a line revolves with a uniform angular velocity o) radians 
per second, the angle 6 which it describes in t sec. is 

6 = cot radians. 

2. If the line starts to revolve from rest with a uniform angular 
acceleration A radians per second per second, the angular velocity 
03 at the end of t sec. is 


03 = At radians per second. 

The average angular velocity 

= angula r velocity + final angular velocity 

2 " ^ 




0 + o; 


0 + At 
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Angle swept out in t sec. = average angular velocity X time. 



X t 


■^At^ radians. 


Since t = ^ and 
A 


05 “ 


^ 2^ A 2 

= 2 Ad. 


2l' 


3. If the line has an initial angular velocity coo and an angular 
acceleration A, its velocity at the end of t sec. is 

CO = initial angular velocity ± change of angular velocity. 

CO = coo ± radians per second. 


The average angular velocity is 


CO A" CO 0 


= coo + 


Angle swept out by the radius = average angular velocity X time. 


= I coo 


± = cooif ± ^At\ 


Substituting for 


Co2 _ = 2 Ad. 

Example. — A wheel starts from rest and acquires a speed of 450 radians 
per second in 15 min. What is the angular acceleration? Through how 
many radians did the wheel turn? 


. , lx* change of angular velocity 

Angular acceleration = 


A = 


03 

t 


radians per second per second. 


450 radians 
15 X 60 sec. 


0.5 radian per second per second. 


Angle swept out by radius = average angular velocity X time. 

e . ^At‘ 

0.5 


X (900)2 == 202,500 radians. 
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Example.— A wheel has an initial angular velocity of 60 radians per second 
and an angular acceleration of 0.2 radian per second per second. What is 
its angular velocity at the end of 50 sec.? 

Final angular velocity == initial angular velocity + increase of angular 

velocity. 


0) — coo “h 

^ _ QO -r 0.2 X 50 = 70 radians per second. 

184. Relation of Torque to Angular Acceleration. — In order to 
produce linear acceleration, it is necessary to apply a force to 
the body and the .greater the force the greater the acceleration. 
To produce angular acceleration, it is necessary to apply a torque 
to the body. (For definition of torque see page 41;) The 
greater the torque, the greater is the angular acceleration which 
is produced. For a particular body rotating about a fixed axis, 
it is found that the angular acceleration is proportional to the 
torque which produces it. This factor of proportionality by 
which the angular acceleration must be multiplied in order to 
give the torque is a measure of the opposition of the body to 
being set in rotation. It is analogous to the mass of a body, 
which is a measure of the opposition of a body to being set in 
translation. The relation between the torque and the angular 
acceleration can be expressed by the equation 


T = lA, 

where A = the angular acceleration in radians per second per 
second. 

T = the torque (force in poundals and distance in feet, or 
force in dynes and distance in centimeters). 

I == the factor of proportionality called the rotary inertia. 

This relation is known as Newton’s second law for rotary 
motions. It states that the angular acceleration is proportional 
to the torque. (Appendix D~8.) 

Example.— A grindstone has a rotary inertia of 300 Ib.-ft.^ Find the 
torque necessary to produce an angular acceleration of 3 radians per second 
per second. 

Torque = rotary inertia X angular acceleration. 

T == IX A. 

T - 300 lb.-ft.2 X 3 radians per second per second. 

T = 900 - 900 poundals-feet. 
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186. Rotary Inertia. — Experiment has shown that the opposi- 
tion of a body to being set in translation is proportional to the 
mass of the body and does not depend on anything else. It is, 
however, found that the opposition which a body offers to being 
set in rotation or accelerated about a fixed axis depends not 
only on the mass but also on the way in which this mass is 
distributed about the axis. This opposition which is called the 
rotary inertia or the moment of inertia is proportional to the mass 
and to the square of the distance of the mass from the axis of 
rotation. For this reason, when it is desired to make the rotary 
inertia of a flywheel of given mass as large as possible, the mass 


t::: 

— a 


: @772 

— ->1 

0 



B 

b:::: 

-n— 

>} 



Q/71; 


Fig. 156. — The rotary inertia about an axis is proportional to the product of the 
mass and the square of the distance from the axis. 

of the wheel is concentrated in the rim. When the mass is 
concentrated near the axis, the tendency of the wheel to continue 
in motion, or its resistance to being set in motion, is much less. 
In order to calculate the rotary inertia, multiply each mass by 
the square of its distance from the axis of rotation and then add 
together all of these products. 

Thus, the rotary inertia of a particle A of mass m about 0 
(Fig. 156) is 7 = mr-, where r is the distance of 0, the axis of 
rotation from the center of the particle. If the axis of rotation is 
moved to O', a distance a, the rotary inertia of the particle about 
0' is 


I' = (a + rYm. 

Since (a + r)^ is greater than the rotary inertia of the particle 
is larger about the axis through 0' than it is about the axis 
through 0. Hence, the farther the axis is from the mass, the 
greater is the rotary inertia. 

If two masses A and B (Fig. 156) are fastened together by a 
weightless rod, the rotary inertia of these masses about an axis 
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through 0 is 


I = miT^ + m2r2^, 

■where r-i and rs are the respective distances of A and B from 0 
In like manner, the rotary inertia of any number of masses is 

1 — miTi^ + -|- etc. 

where ri, ro, rs, etc., are the distances of the masses from the axis 
of rotation. 

The rotary inertia of a disk of mass M about the axis through its center is 
/ = (Appendix E-3) 


where R = radius of disk. 

The rotary inertia of a thin rod of mass M about 
center, perpendicular to the axis of the rod, is 


an axis through its 



where I — length, and r = radius of rod. 

^ mass 

tL ,t. " '•■ ““ “'1 


Rotary mertia equals sum of products of the masses by the 
respective distances from the axis. 


square of the 


/ = miri2 + m2r2^. 

mi = 10 lb., ri = 3 ft. 
m2 = 15 lb., ra = 4 ft. 


^ = 10 X ( 3)2 + 15 X ( 4 ) 2 . 
= 90 + 240 = 330 lb.-ft.2. 


ab!r^fa7s^S?otb“r“?^ ^ is rotating 

xf” s “bfiss rcr/sr roT. “ 


■MR^ 

= 2 X 1,000 g. X 25 cm.2 = 12,500 g.-om.2 
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of rotation. To find the expression for the kinetic energy of 
rotation in terms of the angular velocity and the rotary inertia 
of the body, consider Fig. 157, which represents a body rotating 
with an angular velocity co about an axis through 0 perpendicular 
to the plane of the paper. Consider the particle at A having the 
Tna.g!s mi and the linear velocity vi. (Appendix D-9.) 


Kinetic energy of particle at 


^ _ miVi^ 


Now, 


Vi = (ari. 
= coVi^. 


Kinetic energy of particle at 


^ _ mi(6jri)2 

^ 2 


X rniri^ 


For other particles m2, m3, m4, etc., 
moving mth velocities Vs, Va, 
etc., similar expressions -are found. 
Hence, 

Total kinetic energy 

0 9 0 

= ^miri2 + — m2r2^ + 

+ • • • 

2 

= -^(miri^ + m2r2^ + rrizn^ 

+ ^ ). 



Now, I — mi?'i^ + m 2 r 2 ^ + nizrz^ + • * • is the rotary inertia of 
the body, so that 


Kinetic energy of rotation = (ergs or foot-poundals). 

(Appendix D-9.) 

Example. Find the kinetic energy of rotation of a wheel which has a 
moment of inertia of 10,000 Ib.-ft.^ when it makes 240 revolutions per minute. 

T 2 

Kinetic energy of rotation = 

I = 10,000 lb.-ft.2 units. 

10,000(^ X 

Kinetic energy = ^ = 30 g y (foot-poundals). 

Example.— What power is delivered by an electric motor which makes 
60 revolutions per second and develops a torque of 9 Ib.-ft. ? 
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Power = torque X angular velocity 
= 9 Ib.-ft. X 60 X 27r 


= 3,394 ft.-lb. per second 


187. Combination of Energy of Translation and Energy of Rotation.— 

Consider two cylinders of equal diameter and equal mass. Suppose that 
each of them is made of a certain mass of lead and the remainder of wood. 
In one case, the lead is put near the axis of the cylinder, and, in the other case, 
it is near the circumference of the cylinder as shown in Fig. 158. Since the 
lead is much denser than the wood, the cylinder with the lead near the 
axis has much less rotary inertia than the cylinder with the lead near its 
circumference. 



Fig. 158. — The angular velocity is greater for cylinder with lead near the axis. 

Let the two cylinders be allowed to roll down an inclined plane, starting 
from rest at the same height on the plane. Since the cylinders have equal 
weights, they have the same amount of potential energy. On the way down 
the plane, this potential energy is changed into kinetic energy of translation 
and kinetic energy of rotation. At the bottom of the plane, all the potential 
energy has been transformed into kinetic energy. At the bottom of the 
plane, let 

cox = the angular velocity of the cylinder with the lead near its axis. 

vi = the linear velocity of the cylinder with the lead near its axis. 

C 02 = the angular velocity of the cylinder with the lead near its circum- 
ference. 

t »2 = the linear velocity of the cylinder with the lead near its circum- 
ference. 

1 1 == the moment of inertia of the cylinder with the lead near its axis. 

12 = the moment of inertia of the cylinder with the lead near its circum- 
ference. 

M = the mass of each of the cylinders. 

h = the height through which the cylinders have fallen. 

Mgh 
Mgh = 
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If the two cylinders arrived at the bottom of the plane at the same time, 
that is, if vi = they would also have the same angular velocity because 
the radius is the same in each case; but, if the cylinders have the same 
angular velocity, the cylinder with the lead near the circumference would 
have the greater amount of kinetic energy of rotation because it has the 
greater moment of inertia. On the assumption that the two cylinders 
arrive at the bottom of the plane at the same time with the same linear 
speed, they would have the same kinetic energy of translation, but the 
cylinder with the lead near the circumference would have the greater 
energy of rotation. However, the energy of the two cylinders must be the 
same at the bottom of the plane, and this energy must be just equal to the 
potential energy at the top of the plane. Hence, the two cylinders cannot 
arrive at the bottom of the plane at the same time. The kinetic energy of 
rotation of the cylinder with the lead near its circumference is greater than 
the kinetic energy of rotation of the cylinder with the lead near its axis, and 
conversely the kinetic energy of translation of the cylinder with the lead 
near its circumference is less than the kinetic energy of translation of the 
cylinder with the lead near its axis. Hence, the cylinder with the lead on 
the outside should be expected to lag behind the one with the lead near its 
axis, a conclusion easily verified by experiment. 

Problems 

1 . Express in radians the angle through which the earth rotates on its 
axis during 90 min. 

2 . A flywheel has a diameter of 12 ft. Through what distance does a 
point on the circumference travel while the wheel is describing 2.5 radians? 

3 . A small motor starts from rest and attains its rated speed of 1,800 
revolutions per minute in 3 sec. Calculate the angular acceleration assum- 
ing it to be uniform. 

4 . An electric generator turning at the rate of 3,000 revolutions per 
minute is suddenly short-circuited so that its angular velocity drops 10 per 
cent wdthin 0.25 revolution. Find the average angular velocity and the 
angular acceleration. 

. 6. A ball rolling down a slope increases its angular speed at the rate of 
0.4 revolution per second per second. If it starts from rest, what will be its 
angular velocity in radians per second at the end of 1.5 min.? 

6. The rotary inertia of a body about its axis of rotation is 80,000 kg.-cm.^. 
A torque of 300 kg.-cm. is applied to it; what will be the angular velocity at 
the end of 1.25 min.? 

. 7 . A turbogenerator with a rotary inertia of 10,000,000 English units 
rotates at the rate of 40 revolutions per second. The power and load are 
shut off simultaneously, and friction stops the rotation in 30 sec. Find the 
torque due to friction. 

8. Calculate the moment of inertia of a wheel which has a kinetic energy 
of 14,000 ft,-lb. when it is making 600 revolutions per minute. 

9 . A flywheel has a mass of 4 tons and a radius of 5 ft. When it is turn- 
ing at the rate of 90 revolutions per minute, how many horsepower can be 
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obtained from it during a quarter of a revolution if the velocity decreases 
1 per cent in that time? Consider aE the mass concentrated in the rim. 

10 . The flp'heel of a motor has a radius of 1 ft. and makes 1,200 revolu- 
tions per minute. If the motor is just able to lift a weight of 100 lb. sus- 
pended from a rope wound around the circumference of the puEey, what is 
the horsepower of the motor? 

11 . A solid cylinder of steel is rotating around a horizontal axis through 
the axis of the cyEnder. The cyEnder is 40 ft. long and 18 in. in diameter. 
Its density is 450 lb. per cubic foot. Find the moment of inertia. 

12 . A hollow cylinder weighs 80 lb. and has a diameter of 3 ft. The mass 
is concentrated in the rim. It is rolling on a surface with a Enear speed of 
8 ft. per second. What is its kinetic energy of rotation? 

13 . What Enear velocity is acquired by a solid iron disk which has a 
radius of 25 cm. and a thickness of 10 cm. when it roUs down an inclmed 
plane which is 3 m. long. The plane makes an angle of 30 deg. with the 
horizontal? 

14 . A heavy flywheel has mass of 1,000 kg. and a radius of 120 cm. It 
is rotating with an angular velocity of 9 radians per second. If aE the mass 
may be considered as concentrated in the rim, how much work was necessary 
to give the flywheel this angular velocity? 

16. Find the kinetic energy of a system consisting of two masses of 1 kg. 
and 2 kg., respectively, connected by a rod of neghgible mass 1 m. long, 
when the center of gravity of the system has a velocity of 20 m. per second 
and the system rotates about its center of gravity with an angular velocity 
of 60 radians per second? 

16 . What angular acceleration wEl be imparted to a wheel which has a' 
radius of 1.5 ft. and a mass of 100 lb. by a weight of 40 lb. hanging from a 
cord wound around the axle of the wheel? Neglect the weight of the axle 
and assume its radius is 3 in. 

17 . A circular hoop weighs 2 kg. and has a radius of 75 cm. Find its 
moment of inertia about an axis through the center of the hoop and per- 
pendicular to its plane and also about an axis through the hoop and parallel 
to the axis through the center. 
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THE CONSERVATION OF MOMENTUM 

188. Linear Momentum. — ^The principle of conservation of 
energy is not sufficient for the description of phenomena asso- 
ciated with colliding bodies. It is necessary to make use of an 
additional relation between the masses and the velocities of 
colliding masses. This relation involves what is known as the 
momentum of each of the colliding bodies. Here we must dis- 
tinguish between two types of momentum — ^linear momentum 
and angular momentum. 

The linear moment has already been defined as the product 
of the mass and the velocity — i.e., linear momentum = mv. 

Example. — A body having a mass of 50 g. is moving ■with, a velocity of 
50 cm. per second. What is its linear momentum? 

Linear momentum = mass X velocity 

= 50 g. X 50 (cm. per second) 

= 2,500 (g.-cm. per second). 

189. Angular Momentum. — In motions of rotation angular 
momentum appears in much the same way as linear momentum 
appears in motions of translation. In rotary motions the rotary 
inertia plays the same part that mass plays in linear motions and 
angular velocity the same' part that linear velocity plays in 
hnear motions. 

The angular momentum of a body is defined as the product of 
its rotary inertia and its angular velocity around a given axis. 

Example. — What is the angular momentum of a body which is rotating 
about an axis with an angular velocity of 20 radians per second, if the rotary 
inertia of the body about the axis is 40 Ib.-ft.^? 

Angular momentum = rotary inertia X angular velocity 
= I X a 

= 40 Ib.-ft.^ X 20 radians 
= 800 Ib.-ft.* radians per second. 

190. Impulse.— A force acting on a free mass changes its 
momentum. This change in momentum depends upon the force 
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and the time during which it acts. For example, if a force F acts 
on a body of mass M, it imparts to it an acceleration a, such that 

F = Ma. 


If this force acts for a time t, the change in the velocity of the 
body is 

V == at 

and the change in momentum is 

Mv — Mat = Ft, 

There are cases in which the forces are so great and the time of 
application so short that it is impossible to measure either the 
force or the time. An illustration of such quick action is found 
when a baseball is struck by a bat. Forces of this kind which 
act for very short times are known as impulsive forces. 

An impulse is defined to be the product of the average force 
and the time during which it acts. 

Impulse = force ♦ time = = Mv. 

This impulse is of the same nature as change of momentum. The 
^’'alue of the impulse is equal to the total change of momentum 
experienced by the mass. 

Example. — hall weighing 6 oz. leaves the bat with a speed of 90 ft. 
per second. Find the value of the impulse, neglecting the change of momen- 
tum necessary to reverse the direction of motion of the ball. 

Impulse ~ Ft = Mv 


^ lb. X 90 ft, per second = 33.7 Ib.-ft. per second. 

In the case of rotary motions an analogous relation holds, but 
the force F must be replaced by the torque T, the mass m by 
the rotary inertia J, and the linear velocity v by the angular 
velocity co. The impulsive torque is measured by the product of 
the torque and the time during which it acts. It is numerically 
equal to the change of angular momentum. 

Angular impulse = change of angular momentum 

== torque X time = T x ^ = lAt = Ico. 
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Example. — Find the angular impulse when a flywheel having an angular 
velocity of 25 radians per second and a rotary inertia of 400 lb. ft.^ is 
suddenly stopped. 

Angular impulse ~ torque X time = /to 

= 400 X 25 = 10^ Ib.-ft.^ radians/sec. 

191. Conservation of Momentum. — By combining Newton’s 
second law of motion with his third law it follows that the 
momentum, whether linear or angular, must be the same before 
and after collision. This law states that at collision there can be 
no gain or loss of momentum. More precisely, the total momen- 
tum of any system of bodies is unchanged by any actions which 
occur between the different members of the system without the 
interaction of external forces. 

192. Experimental Illustration of Conservation of Momentum. — In 
Fig. 159 a man stands on a platform mounted on ball bearings. In his hands 



Fig. 159.— The angular momentum remains constant for different positions 

of the weights. 

he holds heavy weights. When his arms are outstretched, his rotary 
inertia is greater than when they are folded up. If this man is set in rotation 
with his arms outstretched he will rotate at a constant rate. He has had 
mparted to him a certain amount of angular momentum which will, neglect- 
ing friction, remain unchanged so long as no additional torque acts on him. 
If now the arms are folded up as indicated in Fig. 159, the rotary inertia 
of the man and weights is decreased. Since the angular momentum 
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remains constant and since the angular momentum is equal to the rotary- 
inertia times the angular velocity, the angular velocity of the man will 
increase in a way to keep the product of the rotary inertia and the angular 
velocity constant. This means that the man will spin faster when his arms 
are folded and more slowly when they are outstretched. 

The same law of conservation of momentum applies when two parts of a 
body are thrown apart by internal forces. When a shell explodes, the 
individual fragments fly away with velocities which are in many cases 
greater than the velocity with which the unexploded shell was moving. 
Hence, the momentum of a particular fragment of a shell may be much 
greater than that which it had before the explosion. But the center of mass 
of the shell keeps on moving with the same speed it had before the explosion, 
i.e., the momentum of the mass as a whole is not changed by the explosion. 
The sum of the momenta of the individual pieces after the explosion is just 
equal to the momentum of the shell before the explosion. 
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193. Inelastic and Elastic Bodies.— The motion of bodies after 
collision depends greatly on their degree of elasticity. If the 

bodies are without any elasticity, 
they do not recover their original 
^2 ^ form or dimensions after colli- 
sion. For example, when two 
spheres of putty collide, they are 
permanently deformed and con- 
sequently do not exert any force 
„ on each other after collision and 
do not tend to separate again 
but move on as one body. On 


Before collision ^ 

- 0 - 
ITl2 


After collision 
A 



(mi+niz) 


Fig. 160.— Collision of inelastic ,, " , . wxx 

bodies. Momentum is the same Other hand, when elastic Or 

coiude, the, 

, , . slightly deformed and 

tend to regpn their original shape immediately after collision. 
Whhe such bodies are regaining their original shape, they 
exert a force on each other and tend to separate. It is 
found by experiment that the relative velocity of the bodies 
a er CO ision bears a definite ratio to their relative velocity 
before colhsion. This ratio _ of the relative velocity after 
+° 4 = ^ relative velocity before collision is called the 
coefficient of restitution. In the case of elastic impact, aU the 

s oS/^T-Tf ’ of energy 

is converted mto heat. 

bocfes" Inelastic Bodies. In Fig. 160 two inelastic 

dies of masses m, and m, and velocities vi and v^, respectively. 
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are represented just before and after collision. After collision 
they move on as a single body of -nxass (mi + m2) and velocity v. 

Since the two inelastic bodies Tvere moving in the same direc- 
tion vdth velocities Vi and V2, respectively. The velocity v after 
collision is obtained as follows: 

Momentum before impact = momentum after impact. 

miVi + nh2V2 (mi + m2)v. 

miVi + m2V2 

V = j 

mi + m2 


If the bodies were moving in opposite directions before collision, 

Momentum before impact = momentum after impact. 


miz;i 


m2V2 = (mi + m2)v. 
miVi — m 2 V 2 


V — 


mi + m2 

Example. — Two inelastic bodies of mass 400 and 800 g. are moving in 
the same direction with velocities of 50 and 20 cm. per second, respectively. 
Find their common velocity after collision. 

Momentum before collision = momentum after collision, 

miVi + m2V2 — (mi + m2)v. 

100 X 50 4- 800 X 20 - (400 + 800)t;. 

20,000 -f 16,000 360 

V - — ^ — r“200 ~ ”12' second). 

195. Impact of Elastic Bodies.- -The direct collision of two 
perfectly elastic spheres A and B, 
mo\ing in opposite directions, is ^ Before collision 
represented in Fig. 161 . At col- ^ ^ V J 

lision the spheres are deformed, and 
during the recovery from this 
deformation they exert forces on 
each other which cause the spheres 
to separate and one or both of 
them to move in a direction oppo- 
site to the direction of motion 
before collision. Let mi and m2 
be the masses of the spheres, 
vi and V2 their respective velocities 


At c»sion 




m2 

After collision 

0 ^ 

■ 1^2 IT • 1 1 — Collision of elastic 

Deiore collision, and Ui and V ,2 bodies Momentum and kinetic 

the corresponding velocities after are the same before and 

. after collision. 

colhsion. 



J00 the elements of physics 

Momentum before collision = momentum after collision. 

miV\ + m2^>2 = mxUi + 

If the bodies are moving in the same direction before collision, both 
vi and t»2 are to be taken as positive. If the bodies are moving in 


4 



Pig. 162. — Ballistic pendulum. {Courtesy Central Scientific Compayiy.) 

opposite directions before collision, either «;iort;2must be negative. 

If the energies and momenta of the bodies are such that they 
move in the same, direction after collision, both Ui and U2 are 



Fig. 163. Deformation of golf ball struck with a club. Photograph taken 
''dth high-speed motion-picture camera. {Courtesy Edgerton, Germhausen and 
(hrier, Massachusetts Institute of Technology.) 

l)Ositive. If they move in opposite directions after collision, di 
and H2 have opposite signs. 

Example. — Two elastic spheres of masses* 40 and 60 lb. moving in opposite 
direction with velocities of 8 and 2 ft. per second, respectively, collide.. If 
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the smaller sphere moves backward after collision with a velocity of 4 ft. 
jun- second, what is the velocity of the larger sphere? 


Momentum before collision = momentum after collision. 

•niiVi 4- = miiii + 

40 X 8 - 60 X 2 = -40 X 4 + OOw.. 

/40 X 8 - 60 X 2 + 40 X 4\ ^ 

\ -1=5 (It. per second). 

For perfectly elastic bodies the kinetic energy before collision 
is always equal to the kinetic energy after collision. Hence 


1 


1 


-f + -R'ni‘iU‘y 


From the conservation of momentum and the conservation of 
energy it follows that for perfectly elastic bodies the velocity of 
approach is always equal to the velocity of separation. For 
inelastic bodies the kinetic energy before collision is greater than 
it is after collision. The difference is dissipated as heat. 

Figure 162 shows a convenient form of ballistic pendulum for 
testing the laws of collision, and Fig. 163 illustrates what happens 
when a golf ball is struck with a golf club. 


Problems 

1. A freight car weighing 40 tons runs into another freight car having the 
same weight. If one car was stationary and the other running at the rate 
of 15 miles per hour and if the cars move off together after collision, with 
what velocity do they move? 

2. Find the recoil velocity of a rifle weighing 9 lb. when it projects a 0.5-oz. 
bullet with a velocity of 2,400 ft. per second. 

3. A machine gun fires eight bullets per second into a target. The 
mass of each bullet is 12 g. and the velocity 7 X 10^ cm. per second. Find 
the force to hold the gun in position. 

4. A mass of 15 lb. moving with a velocity of 6 ft. per second strikes a 
mass of 6 lb. moving in the same direction with a velocity of 2 ft. per second. 
Assume the masses are perfectly elastic. Find the velocity after impact. 

6. Two perfectly elastic balls, one of mass 5 lb. and the other of mass 
4 lb., are moving in opposite directions with velocities of 8 and 15 ft., per 
second, respectively. Find their velocities after impact. 

6. A bullet weighing 25 g. is projected from a gun weighing 15 kg. with a 
velocity of 350 m. per second. What is the velocity with which the gun 
recoils? 

7. A bullet weighing 5 g. is fired horizontally into a block of wood, with 
a velocity of 250 m. per second. The block of wood weighs 12 kg. The 
bullet is embedded in the block and the two move off together. Wliat is 
their velocity? 

8. Two ivory balls, each weighing 250 g., are suspended by two cords 
w cm. in length so that the balls are in contact when they are at rest. One 
ball is displaced until the angle between the cords is 30 deg. and is then 
released. Find the velocity of each ball after impact. 
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Equilibrium 
f position 


196. Vibratious.— Periodic motions are very common. They 
occur in the vibrations of all sorts of mechanical structures, 
such as automobiles, bridges and buildings, in the different sources 
of sound, in waves, and in electrical oscillations. If a door slaiM, 

vibrations may be set up in the entire 
building. In the case of an earth- 
quake, tremors are produced which 
travel over the world and may be 
recorded as vibrations on delicate 
instruments. If a mass on a string 
(Fig. 164) is pulled down and released, 
it moves back and forth in a straight 
line with a vibratory motion. When 
the pendulum of a clock or the 
balance wheel of a watch is displaced 
and subsequently released there is set 
up a vibratory motion which repeats 
itself at regular intervals. 

The cause of vibration is some kind 
i ' of displacement which is resisted by 

Fig. 164.“ Vibratory motions in an elastic force arising from the 
a stretched spring. deformation of the body itself. A 

simple illustration is afforded by clamping one end of a 
strip of steel (Fig. 165) in a vise and displacing the other 
end by the application of a force. WTien the force is removed, 
the strip vibrates back and forth with a period which depends 
on the characteristics of the strip of steel. The elastic force 
tending to restore the strip to its normal position is proportional 
to the displacement. Hence the greater the displacement, the 
greater the restoring force. The restoring force arising from 
the displacement produces the motions in the strip. Because of 
inertia the strip does not come to rest at its position of equilibrium 

168 




displacement 
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but moves on until it has a displacement in the opposite direction. 
This displacement in the opposite direction again calls forth a 
restoring force which carries the strip back through its position 
of equilibrium to an opposite displacement. The motion thus 
repeats itself at regular intervals. The stretched spring (Fig. 
164) behaves in a similar way. Fiction is generally present and 
modifies the motion of the vibrating body. 

197. Types of Vibration. — ^The same body may vibrate in a 
number of different ways: A cylindrical rod clamped at one end 




may \nbrate to and fro or the free end of the rod may be twisted 
around the axis of the rod. When this twist is relieved, the rod 
Mbrates ^ith a twisting motion. The rod also might be struck 
with a hammer so as to compress it in the direction of its length. 
The molecules of the rod would then oscillate to and fro. When 
the motion is perpendicular to the length of the rod, the vibrations 
are known as transverse vibrations. Where there is a com- 
pr^sional disturbance so that the motions of the particles are 
m the dnection of the aids of the rod, the vibrations are known 
as longitudinal vibrations. 
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Vibratory motions are often complex. An illustration is 
afforded by suspending two pendulums as in Fig. 166. The bob 
of the upper pendulum is large in comparison with that of the 
lower pendulum. If the bob of the lower pendulum is displaced, 
the resulting motion T\dll be the sum of the motions of the two 
pendulums. The resulting motion will thus appear complicated 
but can be analyzed into its components. In nature it frequently 
happens that a body can vibrate in a number of different ways at 
the same time, but these motions in many cases can be analyzed 
into their components. 

198. Uniform Circular Motion. — If a body moves in a circular 
path (Fig. 167) in such a wmy that it always passes over equal 

distance in equal intervals of 
M Nt time, it is said to have uniform 
circular motion. The magni- 
^ tude of its velocity is constant, 
\ hut its direction of motion is 
s always changing. Such a body 
has an acceleration, but this 
acceleration consists in a change 
in the direction, whereas the 

Fig. 167. — In uniform circular other accelerations we have con- 
motion the acceleration toward the sidered have consisted in a 
center ~ v /E. change in the magnitude of the 

velocity. A force is necessary to produce a change in the direc- 
tion of the motion of a body, just as a force is necessary to produce 
a change in its rate of motion. Since in circular motion this force 
produces no change in the magnitude of the velocity but only a 
change in the direction of motion, the force must act at right 
angles to the direction of motion. Otherwise it umuld act partly 
in the direction of motion and thus produce either an increase or a 
decrease in the magnitude of the velocity. Since the force 
is at right angles to the direction of motion and the motion is in a 
circular path, the force is along the radius of the circle and 
directed toward the center of the circle. The rate at which 
the direction of the motion is changing is constant, and the force 
which produces it must therefore be constant. 

199. Acceleration in Uniform Circular Motion. — In uniforin 
(drcular motion (Fig. 167), there is at every instant an accelera- 
tion toward the center. To calculate this acceleration, suppose 
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that a particle passes over the arc AB with a constatit speed v in 
the time t The space passed over in this time is .45 = vt. 
The direction of motion of the body has changed but it continues 
to move tangent to the circle. The angle Q between the radii 
OA and OB is equal to the angle between the velocity of the body 
at A and its velocity at B. 

To find the rate of change of velocity, draw^ two vectors, 
ro and Vt each of the same magnitude v. These vectors differ 
only in direction. The velocity of the body at A is represented 
by the vector vq and the velocity at B by the vector Vt. The 
angle 6 is the change in the direction of motion. In order to 
change the velocity from vo to Vt, an additional velocity must 
be added to the body. If a is the rate of change of the velocity,— 
that is the acceleration, and t, the time for the body to move from 
A to B, the change in velocity is at. This is the velocity which 
must be added to cause the velocity of the body to change 
from to Vu To find this change of velocity, draw and Vt 
from a conoimon point S, making an angle d with each other. 
Close the triangle thus formed by drawing a third vector at 
which is equal to the change of velocity in the time t. When 
the angle 6 is small, the chord AB, is nearly equal to the arc 
AB^ and the two triangles AOB and MSN are similar. 

Then 

AB _ MN 
R V 
vt _ at 
R V 



This acceleration is directed toward the center of the circle. 

If w is the angular velocity of the radius, 

V = OJjB. 

a = 

This expression may be written in another form. If N denotes 
the number ot revolutions per second, 



172 


THE ELEMENTS OF PHYSICS 


V = 2hrRN. 

a = = 4xW^. 

K 

From this last expression it is evident that the acceleration 
increases when the radius of the path is increased, and it also 
increases when the number of revolutions is increased. 

Example. — A machine is running on a circular speedway with a velocity 
of 120 ft. per second. The radius of the speedway is 1,000 ft. What is the 
acceleration toward the center? 

Acceleration = ^ 

W ^ 14,400 (ft^ per second^ ^ per second per 

1,000 1,000 ft. ^ 

second. 

200. Centripetal Force. — Newton’s second law of motion states 
that wherever an acceleration is produced, a force must be 
applied. It has been seen that a body moving in a circular path 
with uniform velocity has an acceleration toward the center of 
the circle. To produce this acceleration and keep the body from 
flying off tangent to the circle, a force must be applied at right 
angles to the direction of motion. This force which is directed 
toward the center of the circle is called the centripetal force. 
To find its magnitude, recall that Newton’s second law of motion 
is 


F = Ma. 


Now the acceleration in the case of uniform circular motion is 

whence 

F = Ma = M~ 

Mh 

or 

- 47r WW. 

This force is necessary to keep the body moving in a circular 
path. The reaction w^hich the moving body produces in the 
restraint which holds it in its path is called the centrifugal force. 
It is equal in magnitude but opp6site in direction to the centripe- 
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tal force. Thus, when a train rounds a curve, a centrifugal 
force is exerted on the track. 

Example. — A mass of 10 lb. at the end of a string is being whirled in a 
circle of radius 3 ft. with a constant velocity of 10 ft. per second. What is 
the puli of the whirling body on the string? 

Centrifugal force ilf ^ poundals 

10 lb. • poundals. 


This property of a body to move on in a straight line is of much impor- 


tance in nature. The mud on a rotating carriage 
wheel or the water on a grindstone tends to fly off 
along the tangent. When a horse runs on a 
circular race track, he has some difficulty in keeping 
on the track- Where a train runs on a circular 
piece of track, the outside rail is elevated in order 
to overcome the tendency of the train to ^^jump the 
track.’^ The greater the curvature of the track, the 
greater is this tendency for a given velocity of 
the train. The elevation of the outer rail causes 
the thrust of the track on the train, represented by 



Fig. 168. — Forces on 
the rails when a truck 
goes around a curve. 


R in Fig. 168, to have a component X toward the center of the circle, this 


component supplying the necessary centripetal force. An equal and 
opposite force, the centrifugal force, is exerted by the train on the track 


away from the center of the circle. For high velocities of the train, the 



Fig. 169. Centrifugal force on a pilot in an airplane making an inside loop. 

centrifugal force exerted on the track increases, and to prevent a dangerous 
increase the train ordinarily slows down when running around a curve 
When an airplane (Pig. 169) makes an inside loop, centrifugal force presses 
the pilot against the plane. 
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Example. — Find the force necessary to keep a locomotive weighing 125 
tons on the track when it is running around a curve at a speed of 60 ft. 
per second. The radius of the track is 6,000 ft. 

Centrifugal force lb. 

250,000 lb. X (60 ft. per second) ^ 

6,000 ft. " 

= 15.1 X 10“* poimdals. 


201. Cream Separator and Centrifuge. — In a cream separator the differ- 
ence between the tendencies of the milk and the cream to move in a straight 



Fig. 170. The centrifuge. Force per cubic centimeter tending to separate two 
liquids is proportional to the difference of their densities. 


line makes it possible to separate the milk from the cream by rotating them 
about an axis. The heavier milk moves out farther than the lighter cream. 
This leaves the cream near the axis of the separator, and the milk finds a 
place nearer the outer edge of the separator. 

The centrifuge, which is widely used in the separation of liquids of unequal 
densities, depends for its operation on centripetal force. One type of this 
mac ine (Fig. 170) consists of a wheel which rotates in a horizontal plane, 
io this wheel are attached buckets which are vertical when the wheel is at 
revolving rapidly, the buckets assume a position 
so that their axes are horizontal. If a mixture of liquids of unequal densities 
lb introduced mto the buckets and the wheel is revolved rapidly, the liquids 
separate, the heavier liquids farther from the axis of rotation and the lighter 
means that the heavier liquids will be at the 
m of the buckets while the lighter liquids are at the top. When the 
een r uge is stopped, the buckets return to their normal positions with their 
^x s yer ica . e lighter liquids are found on the top of the bucket and the 
brought ab^^ ^ t e bottom. A separation of the liquids has thus been 

The forces developed in a high-speed centrifuge (Fig. 171) are very large. 
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202. Steam-engine Governor. — The governor of a steam engine depends 
for its action on centripetal force. The spheres C (Fig. 172) revolving about 
a vertical axis are acted on by the force of gravitj’ tending to pull them into a 



Fig. 171. — Rigid metal can not withstand large force dei’^eloped by high-speed 
centrifuge. {Courtesy J. W. Beams, University of Virginia.) 

vertical position and bj^ the vertical and horizontal components of a force 
exerted on them by the governor arm. The vertical component of this 
force is equal to the weight of the balls. The horizontal component of this 



Pig. 172.— Steam-engine governor. Centrifugal force separates the spheres. 

force supplies the necessary centripetal force to keep the balls moving in a 
circle. As the speed of rotation of the governor is increased, the centripetal 
force necessary to maintain the circular motion of the balls must be increased. 
This is effected by the governor arms becoming more nearly horizontal 
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When this happens, a lever arrangement partially shuts off the supply of 
steam from the engine. This tends to make the engine slow down. ' The 
spheres C and C then descend again, opening the steam valve somewhat and 
increasing the supply of steam. The speed of the engine again increases. 
In this way, the speed of the engine is kept constant by regulating the supply 
of steam. 

203. Centrifugal Force on the Moon. — Newton tested the law of gravi- 
tation by appljdng it to a study of the motions of the moon. 


Let ill — mass of the earth. 
m = mass of the moon. 

V = velocity of moon in its orbit. 
r = radius of the orbit of the moon. 

k = gravitational constant = 6.67 X 10“® if masses are in grams, 
distances in centimeters, and force in dynes. 

T — period of revolution of moon about the earth = about 28 days. 

Since the pull of the earth on the moon kMm/r^ just balances the centrif- 
ugal force Mv^/r which makes the moon tend to leave its orbit, 


and 


whence, 



ilf = 6.1 X 1027 

r = 240,000 X 5,280 X 30 (cm.), 

]c = 6.67 X 10-8, 

V = I X 10® cm. per second approximately. 


Calculated directly from data on the motion of the moon in its orbit, 


X 240,000 X 5,280 X 30.4 
28 X 24 X 3,600 


1 X 10® cm. per second 

approximately. 


Hence the velocity of the moon calculated from its period of revolution about 
the earth and its velocity calculated from the law of gravitation and the 
centrifugal force are in good agreement. 

204. Rotation of Two Spheres about Their Common Center of Mass. — If 
two spheres (Fig. 173) are joined by a light rod and then projected with a 
motion of translation and free rotation, the motion of rotation will take place 
about an axis perpendicular to the line joining the two spheres. This axis 
of rotation passes through the center of mass of the two spheres. 

Let Ml = the mass of one sphere. 

M-i — the mass of the other sphere. 

Ri = the distance of Mi from the center of gravity of the system. 

Ri ^ the distance of M 2 from the center of gravity of the system, 
w = the angular velocity of the line joining the spheres. 
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Ft = the force on Mi. 
Fi = the force on M^. 


Then 


Fi - 3/i • Ri • 

F^^ = 3/o • i?2 • a;2. 


Since the center of gravity (see Sec. 69) is given by the equation 


• we have 


Ml • Ri — M2 ■ R^) 
Fi = F2 


Hence, the centrifugal forces exerted by the two spheres on their connecting 
rod are just equal in magnitude and opposite in direction when two spheres 
rotate about their common center of mass. 



C ^ 

''Center of 
Rotation 


% 


\ 

1 



/ 

/ 

/ 


Fig. 173- — Rotation of two masses about their center of gravity. 


206. Effect of Centrifugal Force on the Weight of a Body. — Because a force 
is necessary to keep a body moving in a circular path with uniform velocity, 
there is a tendency for bodies to fly away from the surface of the earth due 
to the rotation of the earth about its axis. At the equator a point on the 
surface of the earth has a velocity of about 1,460 ft. per 
second. To keep a mass of 1 lb. on the surface of the 
earth at the equator in its circular path necessitates a 
centripetal force. 

/if is/ 1j 460 (ft. per second) 2 

^ ' R ^ 21 X 106 ft. 

= 0.1 poundaL 

The attraction of the earth on a mass of 1 lb. is equal 
to 32.2 poundals. Hence, the weight of a mass of 1 lb., 
which weight is found by measuring the force that 
supports the body, would, at the equator, be decreased by 0.1 poundal owing 
to the rotation of the earth about its axis. The acceleration of a body falling 
at the equator would also be decreased. If the earth were not in rotation and 
the acceleration were 32.2 ft. per second per second at the equator, the 
acceleration would be 32.1 ft. per second per second when the earth rotates 
once in 24 hr. about its axis. 


M N 



Fig. 174. — Pre- 
cessional motion of 
a top. 
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206. Precessional Motion. — When a body is rotating and a torque is 
:ipplied perpendicular to the axis about which it is rotating, the axis of rota- 
tion begins to move at right angles to the direction in which the torque is 
applied. This effect is shown by a top (Fig. 174) when it is spinning with 
its axis inclined to the vertical. The weight of the top exerts a torque tend- 
ing to rotate the top about an axis through the point on which the top rests, 
but the top does not fall. Its axis moves around the vertical, keeping the 
inclination nearly constant. This type of motion is known as precessional 
motion. 


207. Simple Harmonic Motion. — Consider a point moving 
around a circle (Fig. 175) with uniform speed. The projection 
of this point on the diameter of the circle moves with varying 
speed and describes a complete to-and-fro vibration on the 


diameter while the point moves completely around the circum- 
ference. If M is the projection of P 
on the horizontal diameter, the mo- 
tion of M is called simple harmonic 
motion. 

Let R be the radius of the circle of 
reference, and d the angle between OP 
and OA. Then, OM = displacement 
= distance of M from 0, the position 
of equilibrium. 



Fig. 175. — Projection of uni- 
form circular motion on a 


OM = X — R cos d. 


lorm circular motion on a 

horizontal axis gives simple Let V = Velocity of P, tangent to the 
harmonic motion. circle 


Horizontal velocity of P = 7x = 7 cos (90 — B) 

= — 7 sin B 

Velocity of M = horizontal velocity of P = 7a; 

— —V sin B 

(the minus sign being used to indicate that the velocity 
is in the negative direction, ^.e., toward the left). 

72 

Acceleration of P toward center 0 = 


Horizontal acceleration ofP = Aa, = — ^ cos 6. 

R 

Acceleration of iW = horizontal acceleration of P 
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|/2 

= ^ cos e. 


Dividing the acceleration of M by its displacement at the same 
instant. 


whence, 


— 

X 


R cos 6 


Y1 

R^ 


A. - 



X. 


Since neither V nor R changes numerically during the motion, 
V-/R^ is a constant. This means that the ratio of the acceler- 
ation of M to its displacement is always a constant, whatever the 
]>ositioii of M. The acceleration and the displacement are 
always opposite in direction. Both change but in such a way 
that their ratio remains unchanged.^ This, then, becomes the 
test of simple harmonic motion. ^V^enever a body has a 
periodic motion in which the acceleration divided by the dis- 
placement is constant, it is said to move with simple harmonic 
motion. 

In simple harmonic motion there are, besides displacement and 
acceleration, three quantities to be considered. These quantities 
are amplitude, period, and frequejicy. For each of these quanti- 
ties an explicit definition is necessar 3 ^ 

1. The amplitude is the distance between the mid-point and 
the end of the path over which the vibrating particle moves. 
It is equal to the radius of the circle of reference. 

2. The period is the time necessary for the particle to make one 
complete \dbration. It is equal to the time necessary for the 
reference particle to move around the circle of reference. 

3. The frequency is the number of complete vibrations made 
by the particle in unit time. It is the reciprocal of the period. 

With this agreement with respect to the definition of the 
period, it is possible to calculate the relation between the period, 
the acceleration, and the displacement in the following manner. 

If T is the time for the particle to pass once around the circle, 
0 ) the angular velocity of the radius OP, and N the number of 
oscillations per second, we have 



THE ELEMENTS OF PHYSICS 

^ 27r - V 

CO - - = y = 2,riV = ^ 


Hence, 


2tR 

V, OA 

T" ~ 

T/2 

o>m^ 



-if = 

72 

X 

R^ 


n 


— X 


V = oiR. 


^ ~ (-Appendix E-4.) 

^ Also, if denotes the force acting on the particle when its 
displacement is a:, we get, by substituting the acceleration, 

A 

~~ ~~ ~- 4 t 2 • • X 

in Newton’s second law of motion, 

F = ilfa, 

in Its simple harmonic motion. This force is 
Fx = — 47rW2 ' M ' X. 

illustrati^nf^ Pendulum. simple pendulum affords an easy 
dsnllced frl harmonic motion. When the pendulum is 
.i f position of equilibrium (Fig. 176) the force 

.ending to brmg it back to its original position is 

F = —Mg sin d. 

SmceF = Ma, the acceleration which this force produces is 
a = —g sin d. • 

equrnSr^rr* pendulum bob from its position of 


S = Id. 
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Hence, 


Displacement 

Acceleration 


- g sm y 


For small angles sin 0 = 0 when the angle is measured in radians 
and for small displacements of the pendulum, o 

Displacement I , , 

^ — — = constant. 


Acceleration 


g 


Consequently the pendulum moves very nearly 
with simple harmonic motion. Its period 
therefore, 


IS, 


- 2 ,^- 

-4 


displacement 

acceleration 


The longer the pendulum the greater is its 
period, and the greater the acceleration of 
gravity the shorter the period of the pendulum. 



From the preceding expression for the period of a 
simple pendulum, we may define a seconds pendulum, 
so that it requires just 2 sec. to make one complete 
oscillation or just 1 sec. to make one-half of one com- 
plete oscillation. The time to make one-half of a complete oscillation is 


Mg 

Fig. 176. — A sim- 
ple pendulum moves 
with approximately 
simple harmonic 
motion. 


and, since t — 1 sec. in this case, 


"V]- 




If the pendulum is at a point on the surface of the earth where g == 980 cm 
per second per second, 


Z = 


980 


= 99.2 cm. 


Problems 

1 . Assuming 10 ft. per second per second as the largest sidewise acceler- 
ation which is safe for a certain car, what is the smallest circle on which it 
can travel at the rate of 15. miles per hour? 
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2. A stone whirling on the end of a string 4 ft. long has an acceleration 
of 36 ft. per second per second toward the center of the circle. What is the 
velocity .of the stone? 

3. A thread 30 in. long which cannot support a force greater than 10- 

lb. weight is used to whirl a stone of 2.5-lb. mass in a horizontal circle. How 
fast will the stone be moving when the thread breaks? Consider only 
horizontal force. 

4. What is the centrifugal acceleration of the moon in its orbit around the 
earth? The radius of the orbit is assumed circular and equal to 240,000 
miles. The period of revolution of the moon about the earth is 27.J4 days. 

6. When a weight of 150 g. is suspended from a spring, the spring stretches 
10.8 cm. Wliat is the period of oscillation of the weight when it is given a 
small displacement? 

6. A body moving in a circle with a radius of 2 ft. requires a force of 
5 lb. to keep it in its circular path when making 18 revolutions per minute. 
Find the number of pounds in the body. 

7. A stone weighing 4 lb. is whirled in a circle by means of a string which 
is 3 ft. long. The string breaks and the stone flies off with a velocity of 
20 ft. per second. Find the pull in the string when it breaks. Assume that 
the effect of gravity can be neglected. 

8. A child weighing 60 lb. is swinging in such a way that it describes an 
arc of 10-ft. radius. If the horizontal motion at the lowest point of the 
swing is 2.5 ft. per second, what is the total force which the ropes of the 
swing must sustain at that instant? 

9. A pendulum has a length of 3.05 m. and executes 20 complete vibra- 
tions in 70 sec. Find the acceleration of gravity at that place. 

10. A simple harmonic motion has a period of 0.005 sec. and an amplitude 
of 0.06 cm. What is the acceleration when the body has its maximiun 
displacement? 

11. The mass of the earth is approximately 6 X 10^' g. What centripe- 
tal force is necessary to keep it in its orbit, assuming a radius of 150,000,000 

km. , and a period of revolution of 365 days? What would have to be the 
dimensions of a steel cable with a strength of 10^° dynes per square centi- 
meter, in order to sustain this force? 

12. How many revolutions per minute would the earth have to make in 
order that the weight of a body at the equator become zero? 

. 13. The governor of an engine has arms which are 25 cm. long and stand 
at an angle of 60 deg. with the vertical when the governor is in constant 
rotation. Find the angular speed of the shaft of the governor. 

14. What IS the angle at which a circular speedway must be banked for 
ears runnmg at 90 miles per hour, if the radius of the track is assumed to be 

•tOU it. i 

15. mat is the speed of an airplane which is making a slow loop with a 
radius of curvature of 60 ft., when objects just begin to drop to the earth! 
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CHAPTER XVII 
WAVE MOTION 

209. Wave Motion. — One of the most important phenomena 
in nature is the transmission of energy from one point to another 
by wave motion. This kind of motion is illustrated in many 
ways. When a stone is dropped into a pool of still water, 
the surface of the water is covered with circular wavelets which 
widen out from the central point where the stone fell. The 
water does not really move outward from the central point, 
but it rises and then falls again. That such is the case is seen 
by obser\dng a floating leaf or piece of wood. It does not move 
forward but returns again and again to its former position. 
Hence, the water on w^hich the leaf rests must have this same kind 
of upward and dovmward motion rather than a forward motion. 

The motion of the heads of wheat in a field on which the wind 
is blowing gives the impression that there is a forward motion. 
There is, however, only an upward and downward motion of 
each head of wheat. The steady onward motion of the w'aves 
in the wheat is not a forward motion of the wheat. It is a for- 
ward motion of a state of things, a shape, or a wave form. 

In like manner when one end of a rope is fastened to a rigid 
wall and the free end moved up and down rapidly, each jerk 
travels along the rope, each portion of the rope communicating 
the jerk to the next portion. Each particle of the rope imparts its 
upward or downward motion to its neighbors. The jerk moves 
forward, but the particles of the rope m^ve only up and down. 
Motions of this kind are w ave mo tions. In all these cases it is 
e\ident that there is a v^ating center^hich produces motions 
in those portions of- the medium immediately in contact with it, 
and that these portions impart their motions to the neighboring 
portions.y In order that a medium should carry waves, there 
must be a force of restitution which is called into action when the 
parts of the medium are displaced with respect to each other. 

183 
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210. Transverse Waves.— If part of a stretched string (Fig. 
177) is drawn aside, the tension in the string tends to bring it 
back to its position of equilibrium. Since the string has inertia, 
the force which causes the displacement requires time to produce 
its full effect so that a wave can travel along the string with a 
definite velocity. Waves of this kind are easily produced in 
a rope fixed at A (Fig. 177) and held in the hand at B. If 
the rope is lightly stretched, a jerk imparted to the end B travels 


Fig. 177. — Waves in. a stretched string. 

doT\Ti the rope as a wave. The successive positions of this 
wave are indicated in Fig. 177. The more tightly the rope is 
stretched, the more rapidly does the jerk travel down it. If a 
series of to-and-fro movements is imparted to the end 5, a 
series of waves travels down the rope. /Such waves are known 
as transverse waves, because the particles of the medium in 
which the waves travel move perpendicular to the direction of the 

wave motion. /They can be 



Fig. 178.- 


easily represented by plotting 
the displacements on the vertical 
compressed distances from the 

source in a given direction on 
the horizontal axis. Light and other forms of electromagnetic 
waves are excellent illustrations of transverse waves. 

211. Compressional or Longitudinal Waves. — In Fig. 178 is 
represented a series of equal masses resting in a frictionless 
poove. They are joined together by springs. If the mass A 
is moved toward B, the latter will begin to move because the 
spring between A and B is compressed. But B will begin to 
move a little later than the time at which A starts, for B does not 
begin to move until the spring has been somewhat compressed. 
The forward motion of B produces a compression in the second 
spring which in turn sets the mass C in motion. In like manner 
each mass in turn is set in motion. Similarly, if the mass A 
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is pulled away from the mass B, the spring between them is 
stretched and B starts to move. The motion of B causes the 
second spring to be stretched and this process continues through 
the whole series of balls. 

If a number of steel bails (Fig. 179) are suspended so that 
they are in contact, and if now K is drawn aside and allowed 
to fall against J, the shock is transmitted through the other 
balls, and the ball A on the farther end of the row moves away 
f rom B into the position A ' . When 
the ball K strikes the ball J, the 

ball J is momentarily compressed, / \ 

and this compression is handed on j \ 

to the other balls. In this way, a j 
wave of compression travels along j 

the balls and forces A away from ^ 

its neighbor B. This wave ' of O (JOCXXX^^ 
compression is not instantaneous. ^ AB CDEFGJffl JK K' 
Each baU takes a little time to be 'wSSeiTe." 
compressed and then to recover its 

former shape. The velocity with which the compression is 
transferred is, however, great. 

■ Waves of this type are known as compressional or longitudinal 
waves. The particles of the medium are displaced to and fro 
in the direction of the wave motiony^ Sound waves are longi- 
tudinal waves. The molecules of the medium, in which the sound 
travels, move back and forth in the direction of the propagation 
^ of the sound. 

Fig. 180. — Waves in vzater. point by the upward and down- 


ward motion of a stick dipping 
in the water, waves spread out from the stick. These waves arise 
because the force of gravity tends to maintain a level surface. 
If a vertical cord like a fishiag line is moved sidewi.se through 
the surface of a pond, short waves called ripples may be observed 
on the side toward which the cord is moving. These waves 
are due to the restoring force which arises out of the surface 
tension of the water. 


In the case of a wave in deep water, the particles of water 
describe circles which lie in a vertical plane (Fig. 180). When a 
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particle is on a crest A, it is moving in the direction in which the 
wave is mo\dng; but when it is in the trough B, it is moving in 
the opposite direction to that in which the wave is moving. All 
the particles move in a clockwise direction with the same uniform 
velocity. The radii of the circles in which the particles move 
become smaller and smaller as the distance below the surface is 
increased, and the effect of the wave is felt only a short distance 
dowm from the surface. In shallow^ water the paths of the parti- 
cles are ellipses with their major axes horizontal. 


213. Other Kinds of Waves. — There are many other kinds of waves 
besides those in material media in which the disturbances arise out of the 
displacement of particles. If the temperature of one end of a metal rod is 
first raised gradually, then lowered, raised again, etc., there is set up a suc- 
cession of changes in the temperature of the rod. These changes travel 
forward in the rod as a wave of temperature. The daily heating and cooling 
of the surface of the earth, as it is turned toward and away from the sun, 
produce waves of temperature which go down into the earth for a short 



distance. 

If one end of an ocean cable or tele- 
phone wire is suddenly joined to a bat- 
tery, the' change in potential thus 
produced in the wire is gradually felt 
along the conductor. If the potential of 
the battery is varied systematically, an 
electric wave is transmitted along the 
conductor. 

I 

214. Wave Front.— When waves 
spread out from a center of dis- 


Fig. 181.— Wave fronts from a turbance, a surface Can be described 


point source. 


that marks at any instant the 


points to which the disturbance has reached. This surface 


(Fig. 181) is called the wave front. The wave front is really a 
surface on w’hich all the particles are in the same phase of vibra- 


tion. When a drop of water falls on the surface of a pond, the 
wave front is a circle which continuously expands. When a 
small balloon bursts in the air, the wave front of the sound pro- 
duced is a sphere with the balloon as a center. The waves of light 
from a distant star have a spherical wave front of such large 
radius that it may be considered as the portion of a plane. 

216. Intensity of Spherical Waves. — The intensity of spherical 
waves or the energy per cubic centimeter decreases rapidly as the 
distance from the source is increased. If at the point S (Fig, 182) 
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there is a source which produces spherical waves, the relative 
intensities of these waves at different distances from the source 
are inversely proportional to the squares of the distances from 
the source. 

Let 1 1 = the energ;^^ per cubic centimeter in a spherical shell 
of radius Ri. 

lo — the energy per cubic centimeter in a spherical shell 
of radius E 2 . 


Then the energy in a spherical shell of radius Ri and of unit 


thickness is 

Volume of shell X energy per 

cubic centimeter = AirRi^h. 

The energy" in a shell of radius R^> and of 
unit thickness is 

"^'olume of shell X energy per 

cubic centimeter = 47rjB2“/2. 

If the rate at which energy is sent out by 
the source is constant, the amount of energy 
in shells of equal thickness is constant. 



Fig. 182. — The inten- 
sity is inversely propor- 
tional to the square of the 
distance from the source. 

Therefore, 


AttRi^- X Ii - AttRo" X /2- 

h 

I2 R/ 

1 1 __ intensity at distance Ri _ Ro^ 

1 2 intensity at distance R 2 Rr 


Hence, the intensity varies inversely as the square of the distance 
from the source. 

When the energy- camiot spread out freely in all directions, the 
intensity will not vary inversely as the square of the distance. 

216. Velocity of Waves. — The rate at which the wave front 
advances is called the velocity of the wave. The velocity depends 
on the physical characteristics of the medium in which the waves 
travel. 

1. Velocity of Transverse Waves in Strings . — ^The velocity of a 
transverse wave along a flexible stretched string is constant for a 
given cord under a definite tension. Whatever the nature of the 
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wave in the cord, its velocity of propagation is the same so long 
as the tension is unchanged. The expression for the velocity in 
this case is 


V = 

jm 

where v the velocity of the disturbance in centimeters per 
second. 

T = the tension in the string in dynes, 
m = the mass of the string per unit length in grams per 
centimeter. 

From this formula it is seen that the velocity of a disturbance 
in a stretched string is proportional to the square root of the ten- 
sion in the string and inversely proportional to the square root of 
the weight of the string per unit length. Hence, the velocity 
will be large when the tension is great, and small when the weight 
per unit length is great. 

(Appendix E-5.) 

2. Velocity of Compressional Waves . — ^The velocity of a com- 
pressional wave depends on the density and the elasticity of the 
medium. The greater the elasticity and the less the density, the 
more rapidly the compressional wave travels. The relation 
between the velocity of the wave, the density, and the elasticity 
of the medium is expressed in the formula, 



where v = the velocity of the compressional wave. 

e = the volume modulus of elasticity of the medium, 
p = the density of the medium. 

Where the modulus of elasticity divided by the density is 
large, the velocity of the compressional wave is great. For this 
reason, the velocity of a compressional wave in steel is greater 
than it is in air. Although the density of steel is greater than 
that of air, its modulus of elasticity is so much greater than that 
of air that the velocity in steel is much greater than it is in air. 

217. Amplitude and Frequency. — ^A vibrating body, such as 
the prong of a tuning fork, passes back and forth through its 
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position of equilibrium. The extreme displacement on either 
side of the position of equilibrium is called the amplitude. 
Except for the fact that the \dbration dies away slowly, this 
displacement is the same on the two sides of the position of 
equilibrium. 

The number of complete vibrations made by the body in 1 sec. 
is called the frequency of vibration. 

218. Relation between Wave Length, Frequency, and Veloc- 
ity. — 'The distance between successive crests or between suc- 
cessive troughs in a water wave is called the wave length '^(Fig. 
183). It is, in general, the distance between successive p6ints in 



Fig. 183. — Definition of wave length. 


same phase of vibration. Let n be the number of vibrations 
made by a particle of the medium in 1 sec.; v, the distance 
traveled by the wave in 1 sec. ; and X, the length of each wave. 
Then, 

X = 1 

n 


\^elocity of the wave = number of waves per unit time X 
wave length. 

V = nX. 

Example. — The velocity of a disturbance in a steel rod is 5,000 meters per 
second and the frequency of the vibrations is 2,500 per second. What is 
the wave length? 


W'ave length = 


velocity 

frequency 


Example. — A siren having 50 holes at one radial distance revolves with 
a speed such that it makes 450 revolutions per minute. Find the wave 
length of the tone which is emitted if the temperature of the air is 20°C. 
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219. Representation of Waves. — Each particle of the medium in which 
the waves are traveling will be set m simple harmonic motion, but the phase 
of vibration varies from point to point. The simplest way of representing 
these waves graphically is to choose two axes (Fig. 184) and plot on the 
vertical axis the displacement of the particles at a given instant and on the 
horizontal axis the distance of the point from the source of the disturbance. 
Such a curve gives the displacement at any instant for all the particles in 
the medium along a line in the direction in which the waves are traveling. 



The positions of these points for successive instants are represented in the 
three curves A, B, and C of Pig. 184. 

220. Standing Waves. — long, flexible rubber tube or an 
elastic cord is fixed at one end (Fig. 185), while the other end is 
held in the hand. If the cord is stretched fairly tight and the free 
end is moved sidewise with a simple harmonic motion, waves 
will be set up in the cord which will travel to the fixed end where 
they will suffer reflection and travel back to, the hand. At any 





I 


Fig. ,185. — Waves .in a string reflected at a wall. 


instant, two trains of Avaves will be traveling in the cord in 
opposite directions. If the frequency of the motion is properly 
chosen, the cord ceases to have the appearance of being traversed 
by trains of waves but "vabrates transversely in one, two, or 
more segments. 

The explanation of the behavior of the cord can be seen from 
Fig. 186. The dotted line represents a wave traveling from 
right to left. The waves represented by the broken line are 
traveling from left to right. The former are the waves originally 
produced in the string, and the latter are the waves set up by the 
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reflection of the original train of weaves at the end of the string. 
The resultant disturbance which arises from the combination of 
these two trains of waves is represented by the continuous line. 
This resultant is at any instant in the form of a wave, but it 


L L 



L' L' 


Flu. 186.- -Standing waves in strings. Two trains of waves are superposed on 

each other. 


does not move along. Each particle vibrates, but the amplitude 
of \dbration varies from particle to particle. When the frequency 
is high, all the eye sees is a characteristic blur which appears to 
remain motionless. This appearance has given rise to the name 
standing waves. At L, the 
ci'ests of the two component 

waves are approaching each — 

other. TiTien the two crests 

coincide, the resulting displace- ^ jWZT/j | 

ment is a maximum. A quarter 

of a period later, the two com- N 

ponents vdll exactly neutralize oufof Phase ' "yT p y'"] 

each other. The crest of one ""i"" 

wave will then be just above the — 

trough of the other "wave. At i 

that instant, the cord will be 

straight. As the waves travel r i ! ‘ 

Still farther m. opposite direc- i87.-Successive positions of 

tions, the portion of the string incident and reflected waves producing 
iY'LAf will be depressed below waves, 

the horizontal and after another quarter of a period will have its 
maximum displacement in the negative direction. At the points 
iV, iV', there will never be any displacement. These points are 
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called nodes. All the particles of the cord between two adjacent 
nodes are moving in the same direction at any instant, but two 

adjacent segments of the cord 
are always displaced in opposite 
directions.' The length of a 
segment between two consecu- 
tive nodes is equal to one-half 
of a complete wave length. (See 
Appendix, note E-6.) 

In Fig. 187 are represented 
successive positions of the inci- 
dent and reflected trains of 
waves and the resultant stand- 

— ■ 

N N w '' ""^^ves are always in opposite 

phase, and they neutralize each 
sound waves. ^ Other. Midway between the 

. , nodes, the two waves are always 

m the same phase, and the resultant displacement goes through 
Its ^eatest variation. These points having the maximum 
amphtude of vibration are called antinodes. 

Standing waves may result with any kind of wave motion 
(Appendix E-6.) The essential 
condition for their production is 
that two similar wave trains travel 
in opposite directions in the me- 
dium. Figure 188 represents stand- 
ing waves in a column of air such 
as IS in an organ pipe. The short 
vertical lines represent layers of 
air, displaced as shown. It can be 
seen that at the places marked JV 
in the figure, the air is alternately 
compressed and rarefied. 

221. Tuning Forks.— When the ^ 

free end of a rnH • J -n — "Vibrations in a rod. 

1 A P Fundamental A, second overtone 

ana released, a wave travels to the fourth overtone c. 

to the free 

Tte mod« of TibBto po^ble to, ouch a rod arc indicated i. 




M 


n\ 



L\ 
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A tuning fork is essentiaily a rod bent in the form of a U. 
When the prongs Adbrate, the stem moves up and down with the 
same period. There are two nodal points, one on either side of 
the middle point. By giving a tuning fork the form indicated 
in Fig. 190 and making the prongs close together, the secondary 
or harmonic vibrations of high frequency present in vibrating 
rods are nearly excluded, and the tuning fork gives a pure musical 
tone. 

The prongs set so little air into vibration 
that the loudness of the sound due to their 
idbrations is not sufficiently great. By resting 
the stem on a board or on the top of a table, 
the air in contact with the board is set in 
vibration and the loudness of the sound very 
much increased. For this reason, tuning forks 
are ordinarily mounted on the top of a box 

JL’ IKX* 4.J7V. UWLLI." 

which is open at one end. If the air chamber ing fork mounted on 
enclosed by the box is chosen of the proper a resonator, 
dimensions, the air column will resonate and greatly augment the 
sound. Since the resonator reinforces most strongly the funda- 
mental of the fork, the sound emitted by the fork on the resonator 
box will be free from overtones. 

Problems 

1 . A timer sets his watch by the report of a gun 220 yd. away. What 
is the error due to the time required for the sound to travel from the gun 
to the ear? 

2 . The vertical walls of a canyon are 9,300 ft. apart. A man in the 
canyon fires a gun and hears the echo from the farther wall 6 sec. after the 
echo from the nearer wall. How far is he from each w^all? Assume sound 
travels 1,0S0 ft. per second. 

3 . A sounding source with a frequency of 612 cycles per second sends 
out waves which travel from air into water. Find the wave length in each 
medium if the velocities are 330 m. per second and 1,450 m. per second in 
air and water, respectively. 

4 . A tuning fork with a frequency of 500 cycles per second sends out 
waves which travel 1,080 ft. per second. How many vibrations does the 
fork make in the time required for the sound to travel 810 ft. ? 

6. Water waves are observed passing a certain point at a velocity of 
20 miles per hour, with a distance of 12 ft, between crests. What is the 
frequency of the waves? 

6. Sound travels in water at the rate of 1,450 m. per second. What 
is the modulus of elasticity of water in e.g.s. units? 

7. What is the velocity of a transverse wave in a string 180 cm. long 
with a mass of 100 g. and subject to a tension of 98 kg.? 
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222. Nature of Sound.— The source of sound is always in a 
state of vibration. As the vibration dies down, the intensity of 
the sound diminishes. If a ringing bell is touched with the 
fingers, the sound ceases because the vibrations are stopped by 
the fingers. When a weight falls to the floor, the weight as 
weU as that part of the floor which is struck is set in vibration, 
and sound waves are produced. If a stretched guitar string is 
plucked, it gives a musical note owing 

^ 6 5, I jv"' to the vibrations set up in it. These 

1 ^rl i':'j ' 'i i| !! vibrations take place too fast for the 
I jl' 'J'' 1’ follow them, and the string 

1 1 k. ,'il: I seems to be drawn out into a ribbon in 
the middle. In a vibrating tuning 
fork the prongs alternately approach 
I and recede from each other. These 

Fig. 191.-Sound wes the prongS (Fig. 191) 

from a tuning fork, showing can be. felt by touching the prongs with 

They produce oompief 
sions and rarefactions in the surround- 
ing air. These disturbances travel forward and are the sound 


Fig. 191. — Sound waves 


223. Velocity of Sound. — Since sound is a compressional wave, 
its velocity depends on the density and elasticity of the medium 
in the manner discussed in Sec. .216, That is. 



where v = the velocity. 

e = the modulus of elasticity. 

P = the density of the medium. 


Where the modulus of elasticity divided by the density is 
large, the velocity of the sound is great. The velocity of sound 
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in water is greater than it is in air. In water, the velocity of 
sound is 1,435 m. per second. In air at 0°C. and at atmospheric 
pressure, it is 331 m. per second. 

If the temperature of the air is changed, the ratio of the modu- 
lus of elasticity to the density is changed, and consequently the 
velocity of the sound changes. If the temperature is increased 
but the pressure kept constant, the modulus of elasticity remains 
constant, but the density decreases. Hence, the velocity is 
increased. The velocity of sound in air is increased about 2 ft, or 
0.60 m. per second for each degree centigrade rise in temperature. 


224. Speed of Sotiad in Warm and Cold Air. — Since the speed of sound 
in warm air is greater than it is in cold air, the direction of propagation of 
the sound will change as it passes from a layer of air at one temperature to a 



Fig. 192. — Upward deflection of Fig. 193. — Downward deflection of 
wave front by hot air. wave front by cold air. 


layer of air at a different temperature. If the air is at rest and the tempera- 
ture and density are uniform, a wave front from a point source on the surface 
of the earth is spherical. In such a case the direction in which the sound 
travels is normal to the spherical surface; and this means that it travels 
along the surface of the ground in all directions. If the air at the surface of 
the ground is warmer than it is at higher altitudes, the speed of the sound is 
greater at the surface than at higher altitudes. The -wave front will then 
be as in Fig. 192. The wave front will no longer be perpendicular to the 
surface of the ground, and, since the direction of propagation is perpendicu- 
lar to the wave front, the sound will not travel along the surface of the 
ground but will be deflected upwards. As a result of this upward deflection, 
the sound cannot be heard to as great distances as if this distortion did not 
take place. When the air at the ground is colder than at the higher alti- 
tudes, the sound travels more slowly near the ground than in the region 
above it. Since the direction of propagation is normal to the wave front, 
the sound will be deflected downward (Fig. 193) and travel more nearly 
along the surface of the earth. Its intensity will decrease less rapidly with 
the distance, and the distance at which the sound can be heard will be 
increased. This condition is sometimes noticed on a lake at the end of a 
hot day. 
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228. Effect of tie Wind on the Wave Front— When the wind is blowing, 
the speed of the sound with respect to the earth is decreased in the direction 
from which the wind comes and increased in the direction in which the wind 
is blowing. The higher the altitude, the greater is the velocity of the wind 



Sound fraveWng against the wind Sound fraveliing with the wind 


Fig. 194. — Upward deflec- Fig. 195. — Downward deflec- 
tion of wave front by wind in tion of wave front by wind in 

opposite direction. same direction. 

and the greater the change in the speed of the sound with respect to the 
earth. This unequal change in the speed of the sound waves causes a 
distortion in the wave front. On the windward side of the source of sound, 
the speed of the sound is greater at the ground than at points above the 



Fig. 196. — Change in wave front by mountain. 


ground (Fig. 194). This inequality of speed causes the wave front near the 
ground to be inclined to the vertical and the line of propagation to be 
directed upward from the earth. On the side of the source of sound toward 
which the wind is blowing, the speed of the sound near the ground is less 

, than at higher altitudes. In this 
Wave front,_ f direction of propagation is 

bent toward the ground (Fig, 195), 
J^i^veocffywind j^Q^king it possible for the sound to 


^ , be heard at greater distances. 

front by ^ 

(Fig. 196), the wave fronts are dis- 
torted in passing over the hdll so that there will be a space behind the hill 
which the sound does not reach. Beyond this point, there will be sound again. 

The change in the wave front due to winds of high and of low velocities 
is evident in Fig. 197. 
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226. Pitch and Frequency. — If a sound recurs at regular 
intervals, it is heard as a series of separate impulses. If the 
number of these impulses per second is increased, the separate 
impressions disappear and a continuous note is heard when the 
number of impulses is about 30 per second. As the frequency of 
the impulses is increased beyond this number, the pitch of the 
sound is raised. That there is a direct relation between the pitch 
and the frequency can be shown by aid of the siren (Fig. 198), 
which consists of a disk having in it a number of holes distributed 
on concentric circles. If a draught of air from a tube A is directed 
against the holes w^'hile the disk is in rotation, a puff of air passes 
through each hole and comes 
out on the other side. When 
the number of these puffs is 
increased either by increasing 
the speed of the disk or by 
directing the stream of air 
against the outer holes, the fre- 
quency of the sound is increased |- 

and the pitch becomes higher. Fig. lOS.—The siren. Frequency 
The greater the frequency, the proportional to the number of holes in 
higher the pitch. anng. 

227. Loudness. — ^The loudness of a sound depends on the 
energ},^ of the vibrating source, and the energy in turn depends on 
the amplitude of the vibrating body. The distance through 
which the vibrating body moves determines the displacement of 
the medium through which the sound travels, and the amount of 
this displacement determines the energy of the vibrating body 
and the medium surrounding it. The vibrating body is contin- 
ually under the action of a force which is directed toward the 
center from which the body was displaced. The greater the 
displacement, the greater this force and the greater the work 
to produce the displacement. Since the force is proportional 
to the displacement, and the work to produce the displacement 
is equal to the force times the displacement, the work to pro- 
duce the displacement is proportional to the square of the dis- 
placement; that is, the energy of the vibration is proportional 
to the square of the amplitude. This is true for the sound 
waves as well as for the vibrating body. Consequently, the 

/ intensity of a sound is proportional to the square of the amplitude 
of the vibration of the medium. / 
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228. Quality. — Sounds which have the same loudness and 
pitch may differ in the complexity of the vibrations and may, 
therefore, produce a very different effect on the ear. It very 
rarely happens that a sounding body produces a simple harmonic 
vibration. A tuning fork on a resonance box produces such a 
simple tone, but in most cases the tone is not pure. Besides the 
fundamental mbration, there may be present one or more 
superposed notes vdth frequencies w^hich are integral multiples 
of the frequency of the fundamental. These frequencies are 



Fig. 199. — The characteristics of the sound emitted by a trumpet are changed by 
blowing it in different ways. 

known either ‘as harmonics or as overtones. The second har- 
monic is twice the frequency of the fundamental; the third 
harmonic is three times the frequency of the fundamental; etc. 
The second harmonic is also called the first overtone, etc. They 
are very simply related to the frequency of the fundamental, 
the frequency of the overtones being 2, 3, 4, etc., times that of 
the fundamental. The number of overtones present and tk 
complexity of the sound will depend on the way in which the body 
is set into vibration. The ear resolves unconsciously these 
complex sounds and thus distinguishes differences which are not 
due to either pitch or loudness. These differences due to the 
complexity of the sound are differences in quality. The char- 
acteristics of the sound emitted by a trumpet change according 
to the way the musician blows it (Fig. 199). 

229. Photography of Sound Waves. — By means of suitable 
apparatus it is possible to obtain photographs of sound waves 
which are produced in a variety of w^ays. The method depends 
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essentially on properly timed spark illumination. The apparatus 
is so arranged that the illuminating spark occurs while the sound 
wave to be photographed is between the spark and the photo- 
graphic plate. There would be a shadow of any opaque object 
in front of the photographic plate. Now the variations in the 
density of the air through which the sound waves are traveling 
cause the light to bend in such a way that shadows of the sound 
waves are produced on the 
photographic plate. 

In Fig. 200 the cartridge has 
just been fired from an auto- 
matic revolver. The mush- 
room-shaped mass of gas just 
in front of the muzzle consists 
chiefly of air which is being 
pushed out of the barrel. The 
spherical sound wa^’'e was 
generated by the unseating of 
the bullet from the cartridge 
case. A later stage when the 
bullet is well out of the muzzle 
])ut is still being accelerated 
is shown in Fig. 201. At a 
somewhat later time (Fig. 202) 
the projectile has outdistanced volver which has just been fired. 
all the other effects of the dis- Bureau of Standards.) 

charge, for it is traveling with a velocity greater than that of 
the sound waves. It is seen that the projectile has two waves 
associated with it. One of these starts from the head of the 
projectile and the other from its base. The angle between these 
wave fronts and the direction in which the projectile is moving 
depends on the velocity of the sound wave and the velocity of 
the projectile- The greater the velocity of the projectile in 
comparison vdth the velocity of the sound wave, the less the 
angle between the wave front and the direction of motion of the 
projectile. 

Figure 203 shows the way in which the wave front is modified 
when the projectile is fired through a soap bubble filled with a 
mixture of hydrogen and air. The velocity of sound in this 
mixture of gases is greater than it is in ordinary air. Hence, the 
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Pig. 201.— Progress of wave front after shot has been fired. (Quayle,Burm 

of Standards.) 
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bullet can be computed^ pro\’ided the velocity of sound in the 
medium is known. This is one of the satisfactory methods for 
determining the velocities of projectiles. 

230. The Intensity of Sound. — When sound waves spread out 
in every direction from a source of sound, the intensity varies 
inversely as the square of the distance from the source. In 
this case, the sound waves spread out as spheres just as the 
waves discussed in Sec. 215. The same amount of energy is 
transmitted across every spherical surface having its center at 
the source of sound. The larger the surface of these spheres, the 
smaller the energy that goes through each square centimeter 



Fig. 203. — Bullet fired through a soap bubble. The bubble has not had time to 
collapse. Note change in shape of wave front. {Quayle, Bureau of Standards.) 

of surface. The surfaces of these spheres increase as the squares 
of their radii. Hence, the energy which passes through unit area 
decreases as the squares of the radii increase. 

1. Speaking Tubes . — In a speaking tube the waves are pre- 
vented from spreading out, and the intensity of the sound does 
not decrease as the wave advances. For this reason the sound 
is heard with only slightly diminished intensity at the other end 
of the tube. 

2. Ear Trumpet . — In an ear trumpet the "wave entering the 
wide end is gradually diminished in area until it reaches the small 
end. In this way, the whole energy of the wave is concentrated 
in a small area and the intensity is increased. The energy per 
cubic centimeter may be many times as great as it was in the large 
end. 
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3. Megaphone— In a megaphone the sound waves coming from 
the speaker’s mouth are limited by the walls of the megaphone, 
so that the wave which emerges from the end has all the energy 
of the speaker’s voice. 


231. Sound Ranging. — The location of a source of sound can be deter- 
mined by measurements on the sound waves which spread' out from the 
source. If the sound originates at the point S (Fig. 204), it spreads out in 
the form of a circle EFGA with S as a center. ^WTien observations hsvc 
been made at the three stations A, B, and 0, the position of F can be deter- 
mined by a geometrical construction. If the sound arrived at B in k sec. 
after reaching A, and at C in sec. after reaching A, circles are drawn with 



B and C as centers and with radii equal to Yi, 
and Vh where V is the velocity of sound in air. 
The center of that circle which passes through 
A and is tangent to the circles drawn about 5 
and C as centers coincides with the point S 
which is the origin of the sound. This method 
cannot be applied to a continuous sound. It 
can be used only where the sound has a 
definite beginning. 

232. Detection of Aircraft by Sound.— It is 
often important to be able to locate aircraft at 
night or in foggy weather. This location can 
be made by means of the sound from the 
engine or the propellers. Two large conical 
trumpets are fixed on a framework with their 
axes parallel. The framework can be rotated 
about a vertical axis. The trumpets, which 


Fig. 204. — Finding the are a few feet apart, have their small ends con- 
range by sound. Observa- nected by rubber tubes to the ears of thf^ 
tions at three stations are observer. If the trumpets with their axes; 

horizontal are kept stationary, and a source oi ; 
sound, as some one blowing a horn, moves past them from left to right, the 
effect on the listener is as if the source of sound were directly out on the left 
until it is nearly in front of the trumpets, and then it seems to move rapidly 


across until it appears to be straight out on the right. The instant when 
the source of sound was directly in front of the observer can be determined 


with considerable accuracy. 

In locating an airplane, the trumpets are turned around a vertical axfe 
until the observer judges that they are pointing directly at the source of 
sound. A small movement of the trumpets from this position causes th 
source of sound to seem to move far to the left or to the right. The direc- 
tion from which the sound is coming can then be found with accuracy. 
This method gives the direction from which the sound was traveling when 
it finally reached the observer. If the sound has been reflected, or refracted 
on its path, the true direction of the sound may be different from this 
observ^ed direction. 
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233. Location of Sound under Water. — It is frequently important to 
transmit signals under \Yater or to locate the position of a sounding body 
which is submerged, as a submarine in the water. One method of locating 
such a body is as follows: A thin sheet of metal framed by a heavy ring has 
a small microphone at its center and is hung in the water. One side of this 
metal disk is screened by a baffle plate made of some non-resonant material. 
This screening makes it impossible for sound to reach the microphone 
except through the unscreened face. If the metal disk is caused to vibrate, 
sounds will be heard in a telephone which is connected to the microphone. 
If the plane of the metal disk faces the direction from which the sound 
waves come, the intensity of the sound in the telephone is greatest. If, on 
the other hand, the disk is turned around so that the sound waves travel in 
a direction parallel to its plane, no vibrations will be produced in the micro- 
phone. By suspending the disk in the water with its plane vertical and then 
turning it so that it faces various directions of the compass, it mil be pos- 
sible to find a position from which the intensity of the sound seems to be a 
maximum, and a second position for which it is a minimum. The latter 
position is at right angles to the former. The sounding body must lie in 
the direction from which the sound appears to he a maximum. 

Problems 

1, The disk of a siren has 48 holes. Find the frequency of sound produced 
at 1,800 revolutions per minute. 

2, An air-driven turbine breaks up the stream of air into 16 pulses per 
revolution. What frequency of sound will be heard when the turbine is 
rotating at the rate of 8,100 revolutions per minute? 

3. Determine the pitch produced by the exhaust of a 16-cylinder engine 
at 2,800 revolutions per minute, if each cylinder fires once for every two 
revolutions. 

4. What is the modulus of elasticity for air, when the density is 0.001293 g. 
per cubic centimeter and the velocity of sound is 330 m. per second? 

6. What is the velocity of a compressional wave in a steel rod for which 
Young’s modulus of elasticity is 2.2 X 10^- dynes per square centimeter? 
Assume the density of the rod is 7.3 g. per cubic centimeter. 

6. The velocity of sound in steel is 5,000 m. per second and the density 
of steel is 7.8. What is the coeffleient of elasticity of steel? 

7. The velocity of sound in air at atmospheric pressure and 0°C. is 332 m. 
per second. What is the velocity of sound in hydrogen at the same tem- 
perature and pressure? The density of hydrogen is 0.0896 g. per liter and 
that of air is 1.293 g. per liter at 0°C. and atmospheric pressure. 
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REFLECTION, REFRACTION, ABSORPTION, 

AND INTERFERENCE 

234. Reflection of Sound. — ^If an observer stands at some 
distance in front of a cliff or large building and produces a soimd, 
the sound is returned to him. The sound travels to the wall or 
cliff and then back without having its characteristics essentially 
changed. If the observer were about 1,100 ft. from the cliff, it 
would take the sound about 2 see. to return to him. The rolling 
of thunder is due to the reflection of the original sound by clouds 

at different distances from the 
observer. These reflections 
reach the observer at different 
times and produce the rolling 
or continuation of the sound. 
Sounding boards are often 
placed behind pulpits in order 
to reflect the voice of the i. 
speaker toward the audience, t 
This prevents the sound from i 
traveling upward and back-; 
ward and thus being lost. In ■ 
large halls and churches, these 
reflections often make it dii- 
cult to hear distinctly the 
words of the speaker. In such cases, precautions must be taken 
to reduce the reflections and the resultant echoes to a minimum. 
Whispering galleries are so constructed that they reflect the 
sound to a particular point without much loss in intensity. 

i^re 205 shows the way in which an undisturbed spherical 
sound wave spreads out from its source. In Fig. 206a a sphericd 
wave has been reflected by a plane surface. When the source 
ot the sound is at the focus of a parabolic mirror (Fig. 2066), the 
reflected wave front is a plane. Figure 207 shows the simiil- 

204 



Fig. 20o.~Splierical sound waves. 
(Fole^, University of Indiana.) 
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236, Refraction of Sound Waves. — When sound waves pass 
from one medium into another, there is in most cases a change iu 
velocity. This change in velocity causes the direction of propa- 
gation of the wave to be changed 
in case the waves meet the sur- 
face of separation obliquely. 
Let AC (Fig. 210) represent the 
advancing wave front. When 
it meets the surface AB and 
enters the second medium, its 
velocity becomes less. The 
other end of the wave front at 
C travels forward with its normal 
velocity. When the entire wave 
front has entered the second 
medium, it has been rotated so 
Fig. 207.— Transmission of spherical that the direction of propagation 

sound waves by rectangular aper^^ makes a smaller angle with the 
{Foley, Uni'oersity of Indiana.) ° 

normal to the surface of separa- 
tion of the two media. When the sound leaves a medium in 
which the velocity is greater and enters one in which the velocity 
is less, the direction of propagation of the wave is bent toward the 



normal. If, however, the sound goes from a medium in which 


N 



Fig. 208 . — Reflection of sound 
waves. The angle of incidence is 
equal to the angle of reflection. 


O 



O' 


Fig. 209. — Reflection of spheri- 
cal sound waves. The curvature 
of the wave front is reversed by 
reflection. 


the velocity is less and enters a medium in which it is greater, 
the direction in which the wave is traveling is bent away from the 
normal. 
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The angle between the normal to the surface of separation of 
the media and the direction of the incident sound is called the 
angle of incidence. The angle between the normal to the surface 
and the direction of the refracted sound is called the angle of 
refraction. 

Figure 211 shows how a spherical sound wave coming from a 
jx>int source S is bent by a spherical gas-filled lens so that, 





Fig. 210. — Refraction of sound waves. Direction of propagation is changed. 


instead of diverging, it is made to converge to a point P. The 
lens i.s here a rubber bag filled with a gas in which the velocity 
of sound is less than it is in air. 

237- Sound Waves in a Room. — When waves of sound 
are produced in a room, they spread out until they strike the 
walls, ceiling, or floor of the room. Here they are partly reflected 



Fig. 211. — Refraction of sound waves by a lens. The curvature of the wave 
front is reversed. 


(Figs. 212 and 213), partly absorbed, and partly transmitted. 
The amount of absorption or reflection depends on the character 
of the walls. A hard smooth wall reflects most of the sound 
and absorbs little of it. On the other hand, a porous or yielding 
wall built of a substance like felt absorbs most of the sound 
and reflects little of it. In such cases, after several reflections, 
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the energy of the sound waves is much decreased and the intensity 
of the sound dies out. 

If a sound is maintained for some time in a room, the way in 
which it builds up is shown in Fig. 214. After a time a state of 



Fig. 212. — Sound reflected from a Fig. 213. — Echo formed on the 
concave wall^ in a balcony. (Watson^ by two reflections. (Watson, BulleSn 
Bulletin Engineers Experiment Station, Engineers Experiment Station, Univer- 
U niversity of Illinois.) sity of Illinois.) 

equilibrium is reached, and the intensity does not increase further 
u-ith the time. In this state, the energy absorbed per second by 
the room is just as great as that supplied by the sounding body. 
When the source of sound is discontinued, the intensity of the 



sound dies down as indicated in the second half of the curve in 
Fig. 214. 

238. Absorption of Sound. — ^The reverberation or decay of a 
sound in a room is determined by the shape and size of the room 
and the character of its walls. For good acoustics the time of 
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reverberation should be short, so that when a sound has been pro- 
flueed, it will die away rapidly. The introduction of absorbing 
material increases the rate at which the sound decays. The 
behavior of sound in a room with little absorption and in the 
same room when absorbing material has been introduced is 
shown in Fig. 215, With small absorption the sound rises slowly 
to a maximum and then dies out slowly. The acoustics of such 
a room are not good. When the absorption is large, the maxi- 
mum intensity is reached quickly, and then the sound dies out 
rapidly when the source of sound is removed. Such a room has 
good acoustics. The absorption, however, must not be made too 


* with smaU absorption 

^ sound rises rapid (y and 

\^^.dies out slowly 

f With large \ 
absorption sound \ 
rises slowly and dies\ 
rapid ly 

Time in seconds 

Fig. 215. — Effect of absorption on rise and decay of sound in a room. 

large or the room vill absorb the sound too rapidly and thus cause 
the acoustics to be defective. 

239. Insulation of Sounds in Buildings. — The amplitude of vibration in 
sound waves varies approximately between 0.00000005 in, for barely audible 
sounds to 0.004 in. for loud sounds. A small motion of the partition 
between buildings will be sufficient to produce an audible sound. In making 
buildings sound-proof, two types of sound must be considered. One type 
includes sounds which originate in the air and travel through the air to the 
boundaries of the room. The other type of sounds comprises those sounds 
which are generated in the framework of the building by motors, elevators, 
etc. Sounds of moderate intensity, such as those generated by the human 
voice, are stopped with relative ease when the walls of the room are con- 
tinuous and fairly rigid. Ail breaks in the walls for ventilators, doors, or 
pipes must be protected by effective insulation. Compressional waves 
generated in the structure of the building pass easily along the continuous 
solid materials. 

240. Passage of Sound from One Medium to Another.— When 
sound waves in one medium encounter a second medium with a 
different elasticity or density, their regular progression is dis- 
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turbed. Part of the energy (Fig. 216) is thrown back in the 
form of reflected waves, part is absorbed in the second medium, 
and part is transmitted. The relative amounts in each case 
depend on the elasticity and density of the second medium com- 
pared ^Yith the first. In a material like hairfelt, the reflection at 
the surface is small, but the absorption in the porous channels 
mav be quite large. If sound waves generated in a room fall on 
.solid plaster, nearly all of the sound will be reflected because of 
the large change in the elasticity and density between air and the 
solid piaster. In a similar way, sounds generated in the solid 
.‘Structure of the building are confined to this structure by almost 

total reflection at the air bound- 
aries and mil pass with little 
diminution through the steel and 
concrete to distant parts of the 
building. 

When air passages in w^hich 
sound is traveling become small 
in cross section, some of the 
energy of the sound waves is 
converted into heat because of 
friction betw^een the sides of the 
passages and the oscillating air 
particles.. The chaimels and interstices in carpet, hairfelt, 
and other porous materials absorb much of the energy in 
the sound weaves. The amount of this absorption varies 
with the thickness of the absorbing material, but it is not propor- 
tional to the thickness. For example, if 1 in. of hairfelt stops 
10 per cent of the incident sound, 2 in. will stop 19 per cent and 
3 in. will stop 27 per cent, etc. The intensity of the transmitted 
sound decreases according to an exponential law- , 

I = 



Fig. 216. — Reflection, absorption, 
and transmission of sound. {Watson, 
Bulletin Engineers Experiment Station, 
University of Illinois.) 


wrhere I = the intensity of the transmitted sound. 
lo = the intensity of the incident sound. 

X = the thickness of the substance. 
a and h = constants. 

Figure 217 shows the apparatus used by Watson for testing 
the percentage of sound transmitted, reflected, and absorbed by 
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.iiffereiit substances. The intensity of the original sound and 
riic intensities of the transmitted and reflected parts were then 
.letermined. The amount absorbed may be found by finding the 



Fig. 217. — Apparatus for testing transmission and reflection of sound. iWatson, 
Bulletin Engineers Experiment Station, University of Illinois.) 

difference between the intensity of the incident sound and the 
sum of the intensities of the reflected and the transmitted sound. 
Figure 218 shows the results for various thicknesses of hairfelt. 



Thickness in Layers 

Fig. 218. — Relative amounts of sound absorbed, reflected, and transmitted by 
hairfelt. {Watson, Bulletin Engineers Experiment Station, University of Illinois.) 

241. Reverberation. — Reverberation is due to the echoing and 
reechoing of sounds in a room because of the repeated reflection 
of the waves from the floor, ceiling, seats, etc. For halls of the 
same volume, other things being equal, the reverberation is the 
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same; but as the size of the hall increases, the reverberation also 
increases. The reverberation is greatly decreased by putting soft 
coverings on the floor, seats, or walls, by making the walls so they 
are less rigid, and by the presence of an audience in the hall. 
Whatever increases the absorption of the sound in the hall 
decreases the reverberation; for as the sound falls on the walls, 
seats, or audience, it is either reflected or absorbed. If a great 
deal of it is absorbed, the reverberation is small. If, on the other 
hand, most of the sound is reflected by the floors, walls, and 
audience, a sound in a room will continue for some time after the 
source of sound has been discontinued. In such a case, the 
reverberation in the room is great. 

242. Interference of Sound Waves. — When two trains of waves 
of the same wave length arrive at the same point, their superposi- 



Fig. 219. — Interference of sound after traveling along paths of different 
lengths. When the difference in path is equal to the wave length, the sounds 
reinforce each other. 


tion produces a disturbance which has a frequency equal to the 
frequency of either of the component disturbances. The ampli- 
tude of the resultant disturbance depends on the phases of the 
two component disturbances. If the amplitudes of the original 
disturbances are the same and the phases the same, the super- 
position of these disturbances gives a new disturbance which has 
double the amplitude of either of the original disturbances and 
four times the energy of either of them. If the phases are 
opposite, the union of the two trains produces no resultant vibra- 
tion and there is silence. When the phases have an intermediate 
relation, there will be a vibration of intermediate amplitude. 

The fact that sound waves interfere can be shown from the 
follo\^ing experiment; In Fig. 219 sound waves can be carried by 
two paths OACDM and OABDM from a source at 0 to a detect- 
ing instrument at ikT. The length of the path OABDM is adjust- 
able, and when the total length of this path exceeds the total 
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length of the path OACDM by one-half wave length or by an 
odd number of half wave lengths, the two trains of waves arrive 
at M in opposite phases and neutralize each other. With a 
shorter or longer difference of path, some sound can be detected 
at 3/. When the difference of path for the two trains is equal 
to one whole wave length or to any w'hole number of wave lengths 
the two trains of wave reinforce each other at M. 

243. Beats. — ^Let two organ pipes which have exactly the same 
frequency be sounded together. At any given place the state 
of the disturbance emitted by the pipes remains constant. If 
the upper end of one of the pipes is now partially closed by 
sliding a brass plate over it, the pitch of this pipe is slightly 
lowered. "WTien the two pipes are now sounded together, there 

a 

b 


Fig. 220. — Beats. Superposition of sounds^ differing slightly in frequency. 

is no longer unison, but bursts of sound with comparative silence 
between them are now noticed. These bursts of sound where 
the disturbance from one pipe reinforces the disturbance from 
the other pipe are called beats. The reason for these beats is 
that at a certain instant the compressions from both sounds 
arrive at a given point simultaneously. A short time later 
(Fig. 220), the more rapidly vibrating source is one-half vibration 
ahead of the other, and the compression from one sound arrives at 
the same time as the rarefaction from the other body. The two 
disturbances neutralize each other and produce a minimum of 
sound. One train of sound waves gradually falls still further 
behind the other until there is now a difference of one period, and 
the compressions from each sounding body arrive at the point at 
the same time. The disturbances are thus added together and 
a maximum of sound is produced. There results a pulsating 
effect in which soft and loud pulses alternate. These pulses 
are beats. 

When the two sounding bodies are almost in unison, the num- 
ber of beats per second is small. As the difference in the fre- 
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quencies of the sounds is increased, the number of beats is 
increased. If the sounds differ in frequency by unity, they -will 
reinforce once each second and there will be one beat each second. 
In general, the difference in the frequency of the two sounding 
bodies is equal to the number of beats per second. 

Number of beats = difference in frequencies. 

N = 7ii — n2. 

Beats are of great service in tuning stringed instruments. As 
two strings are brought more and more nearly into unison, the 
number of beats per second become less, and, when no beats can 
be observed, the strings have the same pitch. In organs, two 
pipes haidng nearly the same frequency are sometimes used to 
produce a beating of the sounds giving a tremulous effect imi- 
tating the human voice. 

244. Doppler Effect. — When a source of sound is moving 
toward the observer, or the observer is moving toward the source 
of sound, the sound appears to have a pitch which is higher than 
its normal pitch. If, on the other hand, the source of sound is 
mo\dng away from the observer, or the observer is moving away 
from the source of sound, the pitch seems to be lowered- This 
change in pitch is often observed in listening to the whistle of an 
approaching or receding locomotive. The reason for this change 
of pitch is the fact that in one case fewer, and in the other case 
more, sound waves reach the ear than would reach it if the 
observer and the source of sound were not moving with respect to 
each other. 

Let V = the velocity of sound. 

V = the velocity with which the source of sound is 
approaching the observer or the observer is approach- 
ing the source of sound. 

n = the true frequency of the sound waves = the num- 
ber of sound waves sent out per second by the source. 
n = the apparent frequency of the sound = the number of 
sound waves reaching the ear when either the source 
of sound or the observer is in motion. 

When the observer and the source of sound are both at rest, the 
ear receives in 1 sec. all the waves which lie in the distance V 
(Fig. 221), but when the observer is moving toward the source of 
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suund, his eax' receives in 1 sec. ail the waves which lie in the 
distance T' -r c- Hence, 

V + v ^ n' 

V ~ n‘ 

When the observer is moving away from the source of sound, v 
is negative. 



Fig. 221. — Doppler effect. 

Example. — A siren is making 150 vibrations per second. An observer 
is moving toward it with a velocity of 40 ft. per second. The velocity of 
sound in air is 1,080 ft. per second. What is the apparent frequency of 
the siren? 


vQ^Q^ity of sound + velocity of observer 
velocity of sound 

n' _ F + v 
n ~ V \ 
n' _ 1,080 + 40 
150 1,080 

n' ~ apparent frequency = 155.5 per second. 

If the source of sound is moving toward the observer, the effect 
on the pitch is similar to that when the observer moves toward 
the source. Each wave is shortened by a distance vt, where t 
is the time for one complete vibration of the sounding body. 
WTien the source of sound is at rest, the distance between two 
successive waves is Vt = X, but when the source of sound is in 
motion, the distance between two successive waves is Vt ~ vt 
X'. Since the frequency is inversely proportional to the wave 
length, 

X' n V -v 

Example. The whistle on a locomotive which is moving 80 ft. per second 
toward the observer is making 250 vibrations per second. What is its 
apparent frequency for an observer at rest? 

Apparent frequency ^ velocity of sound 

True frequency velocity of sound - velocity of source' 

— = 

n V ~ V 

— = ^.080 _T,080 , 

250 1,080 - 80 1,000 ~ 

n' - apparent frequency = 270 per second. 
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The positions of the wave fronts frona a moving source of sound 
are quite different from what they would be from the same 
source of sound at rest. Figure 222 shows the positions with 
respect to each other of the wave fronts from a point source when 



Fig. 222. — The wave fronts'from a source of sound which is moving forward. 
The wave fronts are circles with centers displaced along the aids. The line 
tangent to these circles represents the resultant wave front. 

the source is moving with a velocity greater than the velocity of 
sound. 


Problems 

1 . A set of circular ripples is produced on the surface of a pond by throw- 
ing a stone into the water. At a certain instant, the first crest is 2 m. from 
the point where the stone hit the water, and the third crest is 30 cm. from 
the same point. What is the wave length of the disturbance? 

^ 2 . An under-water signaling system at a lighthouse sends out a sound 
signal simultaneously with a flash of light. A vessel receives the sound 
signal through sea water 3 sec. after observing the flash of light. How far is 
the vessel from the lighthouse? 

3 . A sound wave travels through two branches of a tube 4 ft. long and 
0 ft. 8 in. long, respectively. Name three frequencies which would suffer 
destructive interference on being recombined after traveling through the 
branches. 

4. Compressional waves with a frequency of 12,000 cycles are sent down 
a tube, the far end of which has a movable piston. The reflected wave 
reinforces the source at two successive positions of the piston differing by 
5.5 in. What is the velocity of the waves in the tube? 

6. Two strings A and B originally had the same frequency. The tension 
of B IS released slightly, and the strings produce five beats per second when 
soun e together. If the frequency of A is 515 cycles per second, what is 
the frequency of 5? 

6. At what rate must a source of sound approach an observer in order to 
have the pitch of each note raised by a half tone, that is, to ijfs of the 
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7. What speed of a source of sound, away from an observer, will cause 
the sound heard to have a pitch which is iJig of the true pitch? 

8. A man on a train which is running 40 miles per hour listens to a siren 
which has a frequency of 360 vibrations per second. What is the apparent 
frequency of the sound when the train is approaching the siren? 

9. Two bells, each of which has a fundamental frequency of 500 cycles, 
are sounded together. One of the bells is stationarj' and the other is moving 
away from the observer at the rate of 20 ft. per second. How many beats 
will the observer hear in 15 sec.? 

10. How rapidly must a train be moving away from a stationary observer 
so that the pitch of its whistle will seem to drop from 1,100 to 900 vibrations 
per second? 

11. An engine is approaching an observer at the rate of 60 miles per hour. 
If the pitch of the note seems to be the same as that of a tuning fork which 
makes 250 vibrations per second, -what is the actual pitch of the whistle? 
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246. Vibrations of Wires and Strings.— When the center of a 
stretched string is displaced and then released, the disturbance 
is handed on from one element of the string to the next and a 
transverse wave is produced. These waves are reflected at the 
fixed ends of the string, return to the center of the string where 
they pass each other, and go on to the ends where they are a gafn 



Fig. 223. — Vibrations in strings. Fundamental, first, and second overtone. 

reflected. They combine to form standing waves in the string. 
When the string is plucked in the middle (Fig. 223), the whole 
string vibrates as one segment. When the string is held lightly 
at the middle point and plucked at a point midway between the 
middle and one end, the string vibrates in two segments. In a 
similar way, the string may be made to vibrate in three, four, etc., 
segments. The frequency of the sound is increased as the 
number of segments increases. 

If plucked at random, the string may vibrate as a whole and 
at the same time be vibrating in segments. The note from the 
string then consists of the fundamental together with one or more 
overtones. In this case, the stationary wave in the string is the 
resultant of the fundamental vibration and all the overtones. 

Let L = the length of the string, n = the number of vibrations , 
per second, v = the velocity of the disturbance in the string, and 
X = the wave length of the disturbance. Then, 

V = nX. 
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In the case of the fundamental, the disturbance travels twice the 
length of the string for each vibration. Therefore, X = 2L and 

V = 2nL. 

The velocity of a disturbance in a string (Sec. 216) is equal to 
the square root of the tension in the string divided by the mass 
of the string per unit length. 



where T = the tension in dynes, m = the mass in grams per 
unit length, and v = the velocity in centimeters per second. 
From these two expressions it follow^s that 

1 IT 

^ 2L\m 

By means of this relation, the pitch or frequency of a sound 
emitted by a string can be calculated. 

An illustration of this law is found in all stringed musical instruments 
like the violin or guitar. The strings are of the same length, and the pitches 



Fig. 224. — Sonometer for studying the laws of vibrations of strings. 

are determined by the masses of the strings per unit length and the tensions 
to which they are subjected. The strings of lowest pitch have large masses 
per unit of length and are under small tensions. The strings of high pitch 
are light in weight and are under greater tensions. 

These laws may be verified by a sonometer (Fig. 224). A weight W is 
fastened to one end of a string passing over a pulley P. By adding differ- 
ent weights, the tension in the string may be varied; and by moving the. 
supports A and the length of the part of the string in vibration can be 
changed. Finally, strings of different mass per unit of length can be used. 
In this way, the law for the frequency of vibration of strings can be verified. 

246. Vibration of Closed Pipes. — In an organ pipe, in addition 
to the box containing the column of air, there is a device at one 
end by which the column of air can be set in vibration. A com- 
pression thus set up travels to the end of the column, where in the 
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case of the closed pipe (Fig. 225), it is reflected as a compression 
and returns to the open end of the pipe. The colunan of air is 
thus set in vibration and imparts its motions to the surrounding 
air. The frequency of the wave emitted is determined by the 
length of the column. 

When a steady state of vibration has been reached, the length 

of the pipe is equal to one- 
quarter of a wave length for the 
lowest pitch or fundamental tone 
of the pipe. The closed end of 
the pipe is a node where the 
movement of the air is zero, 
and the open end is an antinode 
where the movement of the air 
is a maximum. 

There are other possible modes 
of vibration of this column of 
air which* will make the closed 
end of the pipe a node and the 
open end an antinode. Any 
frequency of vibration is possible 
for which the closed end is a node and the open end an antinode. 
The mode of vibration when the pipe emits the second overtone 
is shown in Fig. 226, and for the fourth overtone in Fig. 227. 
When the pipe is emitting its fundamental (Fig. 225) the frequency 
is, 

V 


pundamnia! fone (l=^A) 

Fig. 225. — Fundamental in a closed 
organ pipe. 


Second overfone (l=^X) 

Fig, 226. — Second overtone in a closed 
organ pipe. 


Fig. 227.- 


-Fourth overtone on a closed 
organ pipe. 


For the second overtone (Fig. 226) the frequency is 



and for the fourth overtone it is (Fig. 227) 


Overtones which have a frequency 2, 4, 6, etc., times the funda- 
mental cannot be emitted by a closed organ pipe. 

It, therefore, follows that the possible frequencies of vibration 
in a closed pipe are in the ratio of the odd numbers 1, 3, 5, 7, etc. 
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247. Vibrations of Open Pipes. — In an open pipe (Fig. 228) 
tile riisplaeeiiient of the air must be a maximum at the open end 
so that the open end must be an antinode or a place of maximum 
vibration. In such a pipe the simplest possible mode of vibration 
is the case in which there is a node at the middle and an antiiiode 
at each end (Fig. 22Sj. It follows that the length of the pipe, 
which in this ease is the distance between two aiitinodes, is equal 
to one-half the wave length of the emitted sound. Then, since 
V = n\ the frequency 
fundamental is 


_ V 
21 



fundamental tone (I A) 

Fig. 22S. — Fundamental in an open 
organ pipe. 


The next possible mode of vibra- 
tion (Fig. 229) is the case where 
the pipe is one wave length and 
there are two nodes in it. This 
is the first overtone and for it 



F/rsf overtone (I- A) 

Fig. 229. — First overtone in an open 
organ pipe. 



Second overtone (I =^A) 


Fig. 230. — Second overtone in an open 

It has tt^dee the frequency of 

the fundamental. For the second overtone (Fig. 230), 


^2 


21 ' 


and this overtone has three times the frequency of the funda- 
mental. The frequencies of the overtones in the open pipe are, 
therefore, in the ratio of the natural numbers 1, 2, 3, 4, etc. In 
the open pipe it is possible to have all the overtones, but in the 
clo.sed pipe only the even-numbered overtones are possible. 

Problems 

1. A string with a mass of 0.02 g. per centimeter is stretched by the appli- 
cation of 3.2 X 10" dynes. What length of string will be required to pro- 
duce a frequency of 625 cycles? 

2. A steel string with a diameter of 0.5 mm. and a length of 90 cm. is 
stretched with a force of 10-kg. weight. What is the fundamental frequency 
of \dbration? 
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3. If the fundamental of a wire 96 cm. long has a frequency of 212 vibra* 
tions per second when the wire is stretched by a load of 12 kg., what will be 
its frequency when the load is decreased to 8 kg. ? 

4. Calculate the lengths of open and closed pipes, respectively, for a 
fundamental frequency of 440 cycles per second. 

6. The whistle of a steamer is in the form of a dosed pipe 5}^ ft. long. 
Calculate the frequency of the fundamental produced. 

6. Two open organ pipes of length 30 and 29 in., respectively, are sounded 
simultaneously. How many beats per second will be produced if the 
velocity of sound in the pipes is 1,090 ft. per second? 

7. Two closed organ pipes of length 40 and 41 in., respectively, are 
sounded together, and produce 2 beats per second. What is the velocity 
of sound in the medium with which the organ pipes are filled? 

8. The frequency of the first overtone in a wire 200 cm. long is 64. The 
mass of the wire is 2.5 g. Find the tension in the wire. 

9. The first overtone of an organ pipe produces 4 beats per second, when 
sounded with a tuning fork which has a frequency of 360 per second. What 
is the length of the pipe? 

10. One ship sends signals to a neighboring ship. The sound waves 
travel by two paths, one in air and the other in sea water. The signals are 
heard on the neighboring ship at intervals which are 6 sec. apart. How far 
is it from one ship to the other? 



CHAPTER XXI 


AUDITION AND VOICE SOUNDS 

248. Speech Sounds. — Speech sounds produced in ordinary 
conversation are radiated from the speaker and transmitted 
through the air by means of pressure waves. These pressure 
waves have small amplitudes, but they are exceedingly compli- 
cated. The amplitudes and frequencies of the different compo- 
nents which are present in different speech sounds vary from one 



Fig. 231. — Pressure-frequency distribution for undistorted speech. {Courtesy of 
Western Electric Company.) 

voice to another, but the average speech may be represented by 
such a curve as that shown in Fig. 231, which represents the 
pressure of the waves in relation to the frequency of the differ- 
ent components of the sound. It is seen from this curve that 
speech energy extends from a frequency of about 60 per second 
to a frequency of more than 6,000 per second. The energy is a 
maximum where the frequency is somewhat less than 200 per 
second. The vowel sounds carry most of this speech energy. 
The consonants are weak in energy and rather high in frequency. 
The speech output of the normal human voice is about 125 ergs 
per second. This is a very small amount of energy so that in 
terms of power or energy the human voice is very weak. 

For comparison, a corresponding curve (Fig. 232) for pipe 
organ music is given. This curve shows that the pressure is a 
maximum when the frequency is about 64 vibrations per second. 
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249. Distribution of Energy in Speech Sound. — Figure 233 
shows the results of the analysis of some simple vowel sounds b ^ 
Fletcher. In these figures, the frequencies present in -these 
sounds are plotted on the horizontal axis, and the amplitude of 
the sound of a given frequency is plotted on the vertical axis 
The lengths of the vertical lines give the relative amount of the 
changes of pressure in the air through which the sound passed 
These figures show^ that a simple vowel sound is really a complex 
sound composed of a number of frequencies, and that the ampli- 
tudes of the sounds corresponding to these characteristic fre- 
quencies vary over a wide range. This distribution of energy 
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Fig. 232.— Pressure-frequ^cy distribution for pipe-organ music. (Courtesy of 
Western Electric Company.) 


among the sounds of different frequencies varies greatly from 
one vowel to another, or more generally from one sound to 
another sound. 


250 Production of Speech Sounds.-The organs of speech are the togs 
winch by their bellows action supply the streams of air which pass in and 
out through the vocal passages-the vocal cords, the tongue, the lips, and 
the cavities of the nose ’and throat. These organs impress on the streams 
are heard as speech sounds. The vibrations of tie 
^oca cords start a tram of sound waves which are conducted through the 
passages impress on this train of waves certain 
fis snee if vibrations finally emerge from the mouth 

and eomn 7^®®® so-caUed voiced sounds include all the vowel 

Ll do uT T TH Bh. The vocal ; 

sois rf tliese last mentioned spg 

The ;o,vi by certain vibrations set up in the 

The voiced sounds may be divided into two classes; fl) 
a continuous flow of air, and fpt ™«*l 
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the air passages. Sounds from the vocal cords must pass through two 
variable, resonating cavities, namely, the throat and the mouth cavitj*. 
These resonating cavities magnify certain frequencies in speech sounds. 
The differentiation of speech sounds is nearly all accomplished by the 
mouth and positions of the lips. Figure 234 shows the changes in the shape 
of the mouth in sounding the vowels a, u, and 



261. Minimum and Maximum Audibility. — The least change 
of pressure which can produce an audible sound depends on the 
frequency of the sound. In like manner, the maximum change of 
pressure which the ear 6an experience and yet be able to hear the 
sound depends on the frequency. In Fig. 235, the change of 
pressure has been plotted on the vertical axis and the frequency 
of the sound on the horizontal axis. Because the range of 
pressure and the range of frequency are large, these curves have 
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Fig. 235. — ^Threshold of audibility for different frequencies. (^Courtesy of 
Western Electric Company.) 
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been plotted on logarithmic paper. From the lower one of 
these curves it is seen that the ear is most sensitive to sounds wifi 
a frequency of about 3,000 per second. A sound louder than that 
corresponding to the change of pressure indicated on the upper 
curve produces a painful sensation rather than hearing. This cune 
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has a maximum for sounds with a frequency of about 800 per 
second, so that when a sound has this frequency the ear can sus- 
tain the largest change of pressure without a painful sensation. 
These curves represent the mean of observations on a number of 
normal ears. 

The least perceptible difference in frequency which can be 
detected by the ear depends on the frequency of the sound. The 
way in which the fractional change in frequency that can just 
be detected varies with the frequency is shown in Fig. 236. 
The ear distinguishes variations in frequency most readily when 
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the frequency of the sound lies between 1,000 and 4,000 vibra- 
tions per second. 

252. Heart and Lung Sounds. — The physician is often interested in a 
number of normal and abnormal sounds produced within the human body. 
The nature of organic lesions can often be determined by a careful study 
of these sounds. The quality of these sounds as interpreted by the ear 
depends on: (1) the relative intensities of the different frequency com- 
ponents which make up the sound, and (2) the relative sensitmty of the 
ear at these frequencies. These sounds can be analyzed by means of an 
electrical stethoscope. With this device, it is possible to eliminate all the 
components of a sound with frequencies above or below any desired fre- 
quency without seriously changing those components to which the observer 
wishes to listen. In this way, sounds of immediate interest such as a par- 
ticular heart murmur can be examined. By this method, the freqiieool^ 
and relative intensities of the different componenta of 
originate in the lungs, heart, etc., have been i 
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263. The Phonodeik. — The phonodeik is an instrument foi 
studying the characteristics of sound waves. It was devised by 
Prof D. C. Miller. The sound waves to be studied pass down 
the horn H (Pig. 237) to a diaphragm of glass D about 0.003 in. 
thick. This diaphragm is held lightly between soft-rubbei 
rings.' To the middle of the diaphragm is fastened a silk fibei 
or very fine platinum wire. This fiber after passing once around 
a tiny pulley is connected through a small spiral spring S to a 
fixed post P. The pulley is connected to a spindle which carries 
a'small mirror M, 1 mm. square. The whole mass of the rotating 
part is about 0.002 g. Light from a lamp passes to the mirror and 
is focused by means of a lens on a film or screen F . The sound 
waves fallmg on the diaphragm cause it to vibrate back and 
forth. This motion is transmitted through the fiber and spring 
to the mirror which is thus set in rotation about its axis. This 


Source 
of fight 
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rotation causes the spot of light to move back and forth across 
the film. The film moves with uniform motion in a direction 
perpendicular to that in which the spot of light is moving. Tk 
spot of light thus traces out a path on the film in such a way as 
to give a record of the sound waves which were received by the 
instrument. The apparatus can be arranged with a rotating 
mirror and screen instead of the camera, and the curves can thus 
be projected so that they are visible to an audience. Many 
interesting results of the analyses of sounds have been obtained 
by means of this instrument. 

254. Phonograph. — In one form of phonograph a wax cylinder 
or drum is rotated by clockwork and the sounds to be recorded 
are spoken into a horn. These sound waves travel down the 
horn and fall on a thin disk which is somewhat like the disi 
used in a telephone transmitter. The sound waves cause the 
disk to vibrate back and forth in unison with them. These 
vibrations are recorded on a drum or disk of hard wax. A shoil 
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needle fastened to the vibrating disk presses on the wax and 
ploughs a fine furrow in it. 

The furrow is the record of the vibration of the disk. To 
reproduce the sound, the needle is allowed to travel again along 
the furrow. The needle moving up and down reproduces the 
motion by which the furrow was made. This causes the disk 
attached to the needle to vibrate and repeat the original sound 
waves which were sent down the horn. In practice it is found 



Set 

scre'iv ^*-Needle 
Fig. 23S. — The phonograph. 

better to use different needles and disks for recording and for 
reproducing the sounds. 

In the gramophone a disk-shaped record is used instead of a 
cylindrical record. The stylus moves parallel to the surface 
in a wavy groove of uniform depth. The needle moves from side 
to side instead of up and down. The construction of the part 
of the gramophone which reproduces the sound is represented in 
Fig. 238. The needle carrier is attached to the center of the 
diaphragm which in turn is immediately in front of the end of the 
horn. The vibration of the diaphragm causes the needle to move 
to and fro, and conv'ersely the motion of the needle to and fro 
causes the diaphragm to vibrate and reproduce the sounds by 
which the record was formed. 
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CHAPTER XXII 

TEMPERATURE AND ITS MEASUREMENT 

266. Temperature. — The most familiar temperature is that 
of the human body. Objects are said to be warm, hot, cool 
or cold, compared with this temperature. This is not a very 
reliable or accurate standard. It is, therefore, necessary to 
look for some more accurate method of estimating temperatures. 
For this purpose it is customary at ordinary temperatures to 
use a thermometer which depends for its operation on the fact 
that a liquid like mercury expands when its temperature is 
increased. Any substance which expands uniformly may be used 
between suitable temperatures. 

266. Mercury Thermometer.— The most common type of ther- 
mometer for ordinary use is the mercury-in-glass thermometer. 
It consists of a small glass bulb to which is sealed a glass tube with 
a very small bore. The bulb and part of the tube are filled with 
mercury. The residual air above the mercury in the tube is ■ 
carefully removed so that the space above the mercury is empty. 
The glass tube is then sealed off. In order to use this bulb with 
its fine tube for a thermometer, it is necessary to have on the stem 
a scale divided into equal divisions called degrees. 

Fixed Points. The two fixed points which are ordinarily 
chosen for a thermometer are the melting point of ice and the 
boiling point of water under atmospheric pressure. 

To determine the first of these- fixed points, the bulb of the 
thermometer is surrounded with finely divided ice or snow. This 
melting ice or snow keeps the same temperature while melting. 
After the mercury in the bulb has reached the same temperatun 
as the ice or snow, the height of the mercury in the stem of the 
thermometer does not further change. The point at which the 
mercury stands is now taken and used as one of the fixed- poinb 
on the thermometer. On the centigrade scale, this p)oint is called 
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the centigrade scale is 100° and that on the Fahrenheit is 212° 
Hence, 100 divisions or degrees on the centigrade scale correspond 
to 180 on the Fahrenheit scale, and 1° on the Fahrenheit scale 
equals five-ninths of 1° on the centigrade. 

To reduce from the Fahrenheit to the centigrade scale first 
find how many degrees above or below the freezing point of water 
the temperature is on the Fahrenheit scale and then take five- 
ninths of this; the result will be the reading on the centigrade 
scale. In other words, subtract 32°" from the reading on the 
Fahrenheit scale and take five-ninths of the remainder. 

Reading on centigrade = ^ (Reading on 'Fahrenheit - 32°). 

Reading on Fahrenheit = % (Reading on /entigrade) + 32° 

Example. — The reading of a thermometer for the temperature of a room 
is 77°F. What is the reading on the centigrade scale? 

5 

Reading on centigrade = g (Reading on Fahrenheit - 32°) 

= |(77 - 32) = I X 45 = 25°C. 

Example— The temperature of aa oven is 125 ‘'C. Find its tempeiatim 
on the Fahrenheit scale. 

Reading on Fahrenheit = g (Reading on centigrade) + 32° 

= g X 125 + 32 
= 225 + 32 = 257°F. 

258. Maximum and Minimum Thermometers. — In TnaVin; 
observations on the temperature of the atmosphere, the U. S. 
Weather Bureau usually finds it convenient to use a maximum 
and minimum thermometer, which registers the highest and lof- 
est temperatures reached since the last setting. There are several 
types of these thermometers in use. One of the most comma 
forms is shown in Fig. 241. It consists of a bulb A filled litl 
benzol or some other liquid having a large coefficient of expaasioi 
A mercury column fills the lower part of the tube while the tuh 
above € is also partly filled with phenol. When the temperate 
rises, the expansion of the liquid in the bulb A causes the mercuij 
CO unm to sink at B and rise at C, pushing upward a little inda 
o iron in the tube above C, which in consequence of frietk 
remains where pushed and marks the maximum temperature 

n coo mg, the contraction of the liquid in A causes the mercuR 
0 rise at B, pushing upward another little index of iron wMdi 
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marks the minimum temperature. To set the iiistrumeut, the 
indices are drawn downward against the mercury by means of a 
small magnet. 

269. The Clinical Thermometer. — ^The thermometer; 
monly used by physicians are ma.ximum 
thermometersj having a short scale ranging 
from about 95 to 105°F. The tube is made 
very fiat and narrow^ just above the bulb. 

The mercury passes readily through this con- 
striction in rising; but as it contracts, capil- 
larity causes the colunni to separate at that 
point, leaving the upper end of the mercury 
column to mark the highest temperature. 

The usual type of this thermometer is made 
so that the front of the glass tub4 acts as a 
lens, magnif^dng the width of the mercury’' 
thread. To read such a thermometer, it should 
be held in the hand and turned until the mer- 
cury column suddenly appears magnified to a 
considerable width. This •wdll occur when the 
clear corner of the triangular tube is directly 
in front. After a reading the mercury is 
shaken back into the bulb by holding the 
thermometer firmly between the thumb and forefinger and giving 
a few brisk shakes from the wrist. 
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Temperature, Degrees 


Centigrade 

Interior of hot stars 30 , 000 , 000 

Surface of the sun 5,700 

Carbon arc 3 , 500 

Tungsten lamp 2,900 

Boiling point of mercury , . 357 

Boiling point of water 100 

Freezing point of mercury. — 40 

Liquid oxygen —183 

Liquid helium —268 


Problems 

1. Fahrenheit thermometer shaded from the sun on a hot day reads 
104°. What is the temperature on the centigrade scale? 

2. A thermostat is set to maintain the temperature at 15°C. What is 
the corresponding temperature on the Fahrenheit scale? 
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3. What is the temperature on the centigrade scale when a Fahrenheit 
thermometer indicates 14°? 

4, A piece of frozen carbon dioxide has a temperature of -SOT. What 
is the corresponding Fahrenheit temperature? 

6. Find the temperature for which the centigrade and Fahrenheit readings 
are numerically equal but opposite in sign. 



CHAPTER XXllI 


MEASUREMENT OF HEAT 

260. Unit of Heat. — Although heat is a form of energj’' and 
may be measured in the units in which energj' is measured, it is 
convenient to use a unit which is based on the effect of heat in 
raising the temperature of a substance. In looking for a sub- 
stance to use as a standard, it is natural to choose water on 
account of the ease with which it is obtained. Since it always 
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Fig, 242. — Specific heat of water in calories as a furictioii of the temperature. 

takes the same amount of energy to raise the temperature of 1 g. 
of water from 15° to 16'C., it is possible to define an arbitrary 
unit in which to measure other quantities of heat. Here the 
choice of the unit is largely a matter of convenience. In this 
respect, however, it does not differ from the unit of length or the 
unit of mass which is also chosen arbitrarily. 

261. Calorie. — ^The unit of heat in the c.g.s. system is called 
the calorie. It is defined as the- quantity of heat or energy 
which is necessary to raise the temperature of 1 g. of water 
from 15° to 16° on the centigrade scale. Because of the fact that 
the heat required to raise the temperature of 1 g. of water 1°C. 
is not the same at all temperatures, it is necessary to state the 
temperature at which the calorie is defined (Fig. 242). 

262. The British Thermal Unit.— In the English system of 
units, the unit of heat is known as the British thermal unit, 
(B.t.u.). It is defined as the quantity of heat required to raise the 
temperature of 1 lb. of water from 59° to 60° on the Fahrenheit 
scale. This is a much larger unit of heat than the calorie. Here, , 
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as in the case of the calorie, it is necessary to state the temper- 
ature, for the amount of heat required to raise 1 lb. of water 
1°F. varies with the temperature. 

263. Specific Heat.~So far we have been dealing with a single 
substance, namely, water. The amount of heat required to raise 
the temperature of 1 g. of another substance 1°C. may be com- 
pared with the amount of heat required to raise the temperature 
of 1 g. of water from 15"" to 16°C. Such a comparison gives a 
definition of what is called the specific heat of the substance. 
The specific heat of a substance is numerically equal to the num- 
ber of calories required to raise the temperature of 1 gram of the 
substance 1°C., or, what amounts to the same thing, the number 
of British thermal units required to raise the temperature of 1 lb. 
of the substance 1°F. 

Let Q denote the quantity of heat added to a mass of ilf g., 
let t and f be the initial and final temperatures, and let S be the 
specific heat of the body. Then 


Q = - 0* 


Example. — Find the number of calories required to raise the tempera- 
ture of 100 g. of brass from 25 to 75°C. Specific heat of brass is 0.088. 

Heat = mass X specific heat X change of temperature 
= MXSX it' - t) 

= 100 X 0.088 X (75 - 25) = 440 cal. 

264. Water Equivalent. — The water equivalent is defined as the heat 
required to raise the temperature of the entire body V, To find the water 
equivalent it is only necessary to multiply the specific heat by the mass of 
the body. 


Water equivalent = lf/8, 

where M is the mass of the substance and S is its specific heat. 

Example. — Find the water equivalent of a clay soil which covers a field 
of 1 acre to a depth of 1 ft. Take 0.25 as the specific heat of the soil and 
156 lb. per cubic foot as its density. 

Water equivalent = mass X specific heat 

= volume X density X specific heat 
= 43,500 X 156 X 0.25 
= 17 X 10" B.t.u., lb. 

If a piece of soapstone and a piece of iron of equal weight are heated to 
the same temperature and each of them dropped into an equal mass of 
water, it will be found that the temperature of the water into 'which the 
stone was dropped is increased more than the temperature of the water 
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into which the iron was dropped. From this it is seen that a mass of soap- 
stone has a greater water equivalent than an equal mass of iron. 

266. Measurement of Heat by Method of Mixtures. — One of the most 
familiar methods of measuring a quantity of heat is by imparting this heat 
to a known mass of water and observing the change which it produces in 
the temperature of the water. If the mass of the water is known and its 
rise in temperature is observed, the heat imparted to the water can be found 
by multiplying the mass of water by its rise in temperature. Since it 
requires 1 cal. to raise the temperature of 1 g. of water 1°C., to raise M g. 
from temperature t to temperature t' would 
require H caL, where 

H - M{t' - 01. 

Let it be assumed that it is desired to 
determine the specific heat of iron. Let m 
g. of iron be heated to a temperature T. 

This can be conveniently done by placing 
the iron for a sufficient time in a steam bath. 

Meanwhile M g. of cold w^ater are weighed 
out in a vessel of known mass M', The 
temperature of the vessel and that of the 
water being the same, both can be denoted 
by t. The piece of iron is suddenly plunged 
into the vessel of water, and, after stirring 
the water, an equalization of temperature 
takes place. Such a vessel (Fig. 243) is 
known as a calorimeter. The iron falls in 
temperature, thus giving heat to the water 
and its containing vessel. The water and 
the containing vessel, on the other hand, 
gain heat and rise in temperature. After 
mixing, the final temperature is noted and called V. ' According to the law 
of conservation of energy, the heat lost by the iron must be just equal to 
that gained by the water and its containing vessel. The heat gained by 
the water is 

M{t' - t)l, 

its mass times its change in temperature times its specific heat. The heat 
gained by the vessel is 



Fig. 243. — Calorimeter for 
measuring heat transferred from 
one body to another. 


M'{t' - t)S\ 

its mass times its change in temperature times its specific heat. The heat 
lost by the iron is 

m(T - F)S, 

its mass times its change in temperature times its specific heat. . 

Heat gained = heat lost. 
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Hence, 

M'{t' - t)S' + MCi' - <) X 1 = m{T - t')S. 

5 ^ W-^)X1+W-M = .peeifie heat of iron. 

Example —Suppose that 450 g. of lead are heated to 100°C. and then 
dropped into a calorimeter containing 100 g. of water at 10°C. After 
stirring, the temperature of the water rose to 21.o°C. Neglecting the heat 
given to the calorimeter, find the specific heat of lead. 

Heat lost by lead = heat gamed by water. 

Heat lost by lead = mass X specific heat X change in temperature 
= 450 X >5 X (100 - 21.5). 

Heat gained by water = mass X specific heat X change in temperature 
- 100 X 1 X (21.5 - 10). 


Hence, 


450 X /S X (100 - 21.5) - 100 X 1 X (21.5 - 10). 


S - 


100(21.5 - 10) X 1 11.5 X 100 

450 X (100 - 21.5) 450 X 78.5 


— 0.033 cal. per gram. 


266. Influence of Temperature on the Specific Heat of Solids. 

According to the law of Dulong and Petit, the product of the 
specific heat of an element and its atomic weight is a constant 
for all elements. The following table shows the values of the 
atomic heats for a number of elements. It is easily seen that 
the atomic heat is in each case about 6 g.-cal. 


Element 

Lead 

Gold 

Tin 

Zinc 

Iron 

Chlorine. . 
Aluminum 


Specific Heat X 
Atomic Weight = 
Atomic Heat 

6.35 

6.15 

6.4 

6.0 

5.95 

6.7 

5.75 


But this result is valid only for sufficiently high temperatures. 
At low temperatures, the specific heat of an element changes with 
the temperature. The dependence of the specific heat on the 
temperature for aluminum, silicon, and diamond is represented in 
Fig. 244*. From these curves, it is evident that the specific heat 
approaches zero as the temperature approaches absolute zero. 
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Hence at low temperatures Dulong and Petit's law is no longer 
valid, but at sufficiently high temperatures the atomic heats of 
the elements are nearly the same. 

The fact that the atomic heat of an element at a sufficiently 
high temperature is about 6 g.-cal. was satisfactorily explained on 



AbsolureTcmperature^degrees C. 

Fig. 244. — Atomic heat at constant volume becomes zero at the absolute zero. 


the basis of the kinetic theory, but the kinetic theory is unable to 
account for the decrease of the atomic heat as the temperature is 
lowered to absolute zero. The quantum theory which assumes 
that energy exists in discrete grains or units offers a very satis- 
factory explanation of this phenomenon. A discussion of the 
essentials of the theory will be found 
in Part VI. 

267. Heat of Combustion . — The 

heat of coinhustion is the heat lib- 
erated by burning unit mass or unit 
volume of a fuel such as coal or gas. 

To find it, the fuel (Fig. 245) is 
placed in a crucible, C, inside a bell 
jar which is closed so that the prod- 
ucts of combustion cannot escape 
except through the openings at the 
base of the jar. The bell jar is 

placed inside a vessel, the mass of Fig. 245.— -Calorimeter for heat 
, . , . , 1 . T • 1 XT. of combustion of fuel. 

which IS known, and this vessel then 

filled with a known freight of water. The temperature of the 
water is determined, and then a supply of oxygen is admitted 
through the opening at the top of the bell jar until all of the 
fuel has been burned. The products of combustion bubble up 
through the water. When the combustion is complete, the 
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temperature of the water is again observed. From these data the 
heat of combustion of the fuel can be found. 

Heat of combustion = 

mass of water X temp, change X sp. he at 
mass of fuel 

In this expression for the heat of combustion, it is assumed that 
the water equivalent of the calorimeter is so small that it can be 
neglected in comparison with that of the water in the calorimeter. 
In case this is not true, the water equivalent of the calorimeter 
must be added to that of the water in the calorimeter. 

Example. — sample of coal weighing 0.15 lb. was burned in the crucible 
in Fig. 245. The w’^ater weighed 100 lb., and its temperature at the begin- 
ning was 60°F.,* the temperature at the end was 80°F. Find the heat of 
combustion of the coal. Neglect the heat given up to the vessel which 
forms the calorimeter. 

IX* j mass of water X temp, change X sp. heat 

Heat of combustion per pound ^ ^ 

^ ^ mass of coal 

100 X (80 - 60) X 1 _ 2,000 ^ 

0l5 W “ 

B.t.u. 


268. Continuous -flow Calorimeter. — ^Another method of meas- 


uring the heat of combustion of a 
ta fuel which can be burned as a gas 

^ is shown in Fig. 246. The gas to be 

^ studied is burned in a burner F, 
which is inside the calorimeter. 
The products of combustion pass 
out through a series of pipes. 

^ Around these pipes there is a con- 

tinuous flow of water. This water 
II Exhaust enters the calorimeter at a constant 

temperature which is determined by 

^ the thermometer T 2 . The water 

leaves by the outlet C. Itstempera- 
of combustion of gases. IS deternuned just before it 

. leaves the calorimeter. The tem- 


perature of the wmter as it leaves is, of course, higher than 
it is when it enters. By weighing the water and measuring 
the quantity of gas which has been burned, it is possible to cal- 
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culate the quantity of heat generated per cubic foot, or per liter 
of gas. If the rate of generation of heat is constant, the difference 
between the temperature of the ingoing and outgoing water will 
remain constant. 

Let Q = the number of heat units liberated. 

V = the volume of the gas burned. 

W == the weight of water which flowed through the calo- 
rimeter. 

To = the temperature of ingoing water. 

Ti = the temperature of outgoing water. 

S = the specific heat of w^ater. 

H = WS{Ti - T 2 ). 

TT . -.1 Q ^^(^1 - ^ 2 ) 

Heat per unit volume — — = 

Example. — In determining the heat of combustion of natural gas it was 
found that 2,400 g. of water flowed through the calorimeter while 3 1. 
of gas were being burned. The temperature of the ingoing water was 
20.0°C. and that of the outgoing water -was 30.0°C. Find the number of 
calories generated by the combustion of 1 1. 

Heat of combustion per unit volume = 

mass of water X temp, change X sp. heat 
volume of gas 

„ 2,400(30.0 ~ 20.0) XI o i r. 

H = g = 8,000 cal. per liter. 

269. Measiirement of the Energy Value of Foods. — The energy 
value of a food can be determined by the combustion of a knowm 
amount of the food in a bomb calorimeter (Fig. 247). The heat 
evolved is absorbed in a known amount of w^ater. From the mass 
of the water and its rise in temperature, the heat obtained from 
the food can be determined. 

If the law of conservation of energy holds for living as well 
as non-lmng matter, the same amount of energy should be 
liberated by the utilization of food inside as w^eli as outside the 
body, provided the physical state and the chemical end products 
are the same in each case. To test this result, an animal is put 
inside of a calorimeter and given a definite amount of food. The 
heat which is evolved is measured and compared with the heat 
which is obtained when an equal amount of food is burned in a 
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bomb calorimeter. A special type of calorimeter is necessarj', 
and there are many difficulties in obtaining accurate measure- 
ments, but the results of such observations are sufficient to show 
that the oxidation of assimilated foodstuffs in the living body 
produces the same evolution of energy as they would produce if 



burned in a bomb calorimeter, provided the end products are 
identical. 


Problems 

1. How many British thermal ixnits are required to raise the temperature 
of 8 cu. ft. of water from 40 to 190°F.? 

2. A piece of sheet aluminum rolled into a spiral with a mass of 62 g. 
is heated in a steam jacket to a temperature of 98°C. and then plunged into 
120 g. of water at 9°C., causing the temperature to rise to 18°C. What h 
the specific heat of aluminum, assuming that no heat was lost or gained 
during the experiment? 

3 . A piece of iron weighing 130 g. was taken out of an oil bath and immedi- 
ately immersed in a beaker containing 160 g. of water at 14°C. The 
temperature of the water rose to 29°C. What was the temperature of the 
oil bath? Specific heat of iron ~ 0.11. 

4 . A quantity of liquid having a specific heat of 0,45 and a temperature 
of 26°C. was mixed with another liquid wdth a specific heat of 0.26 and a 
temperature of 8°C. The resulting temperature was 20°C. In what 
proportions were the liquids mixed? 

6. Into a copper calorimeter vreighing 120 g. and containing 250 g. of 
water at 12°C., there are dropped simultaneously 55 g. of silver at li0°C., 
40 g. of iron at 60°C., and 20 g. of platinum at 72°C. What is the resultant 
temperature? 

6. A copper calorimeter contains 200 g. of water at 0°C. and 216 g. of 
silver. The calorimeter weighs 150 g. How much will the temperature 
be increased by adding 750 cal.? 
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7. In finding the temperature of a furnace, a piece of platinum was 
inserted in the furnace. The platinum was then dropped into a copper 
calorimeter which had a mass of 250 g. and contained 1,200 g. of water. 
The temperature of the water rose from 12 to 18°C. If the mass of the 
platinum was 200, g. what was the temperature of the furnace? 

8. How many cubic feet of gas is burned in heating the water in a bath 
tub containing 6 cu. ft., if the temperature is raised from 60 to 105°F.? 
.Assume that all the heat goes to heat the water and take 21,200 B.t.u. per 
pound as the heat of combustion of the gas. Density of the gas was 0.045 lb. 
per eu. ft. under standard conditions. 

9. A specimen of gasoline was tested by burning a sample of 6 g. in a fuel 
calorimeter containing 10 lb. of water, causing a rise of temperature from 
62 to SrF. If the water equivalent of the calorimeter was 0.96 lb., how 
many British thermal units could be obtained from each pound of gasoline? 

10. Natural gas from the mains w'ith a heat of combustion of 1,050 B.t.u. 
per cubic foot is used to heat water. Assuming that half of the available 
heat is wasted, how much gas will be required to heat 2 lb. of water from 
50°F. to the boiling point? 

11 . A quantity of gas which measured 1.75 cu. ft. as obtained from the 
mains was burned in a continuous-flow calorimeter. During the test 60 lb. 
of water flowed through the calorimeter, with a temperature of 58°F. when 
entering, and 85°F. when leaving. The products of combustion carried 
away 7.2 B.t.u. Find the heat of combustion per cubic foot. 

12. A specimen of coal with a mass of 2.5 g. was burned in a copper calo- 
rimeter harag a mass of 1,200 g. The mass of the water in the calorimeter 
was 1,800 g., and the initial temperature was 14°C. The final temperature 
of the water was 21 °C. Find the heat of combustion in calories per gram. 

13 . A sample of methyl alcohol w'eighing 15 g. was burned in a fuel calorim- 
eter containing 9 kg. of water. The water equivalent ‘of the calorimeter 
was 600 cal. The initial temperature was 12.2°C., and the final temperature 
was 20.5°C. Calculate the heat of combustion of the methyl alcohol. 

14 . A sample of coal weighing 2 oz. with a heat of combustion of 12,500 
B.t.u. per pound was burned in the crucible of a calorimeter (Fig. 221). 
The calorimeter contained 12 lb. of water, and it had an initial temperature 
of 50°F. The glass parts of the calorimeter weighed 6.2 lb. and had a 
specific heat of 0.19. To what temperature was the water raised? 
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270. Expansion of Solids.— When a railroad track is laid, it 
is customary to leave a gap between the rails to allow for the 
expansion of the rails in the summer. The expansion of solids 
may be demonstrated in the following manner. A brass ball 
is made so that it will just pass through a ring when both ring and 
ball are cold. When the ball is heated, it will not pass through 
the ring; but when it is allowed to cool, it passes through as 
.-Cold before. Prom this experiment, it 

is seen that solids expand when 
heated and contract when cooled. 


Normal 



271. Unequal Expansion of Sol- 
ids. — Different substances expand 
at different rates. The unequal 
expansion of two metals such as 
iron and brass is shown in the 


following way. Consider two 
strips of these metals riveted 
(KS- 2<8) so as^ to form 

metal with the greater expansion is a composite bar. If this bar is 
on the outside. heated, it will be found to bend 

because of the unequal expansion of the metals. The brass 
expands more rapidly than the iron, so that the brass will be on 
the outside of the curve which the bar makes. The iron, expand- 
ing less rapidly than the brass, will be on the inside. 

The bending of a bar which arises out of this unequal expan- 
sion is of importance in the regulation of temperatures. When 
the temperature changes, one of these compound bars will bend 
and may (Fig. 249), on account of the motion thus resulting, be 
made to control the supply of heat. 

272. Measurement of Expansion. — For many purposes it is 
necessary to know how much a substance expands when the 
temperature is raised 1°. 
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To determine the expansion of a rod, insert the rod (Fig. 
250) into a jacket which can be filled with steam or water as 
desired. The rod is fixed between two screws. One of these 
screws, S, is an adjusting screw; the other, R, is a micrometer 
screw. Adjust the micrometer screw S to read zero and then 
tighten up the screw B when water is flowing through the jacket. 



Fig. 249. — Temperature regulator for a thermostat. Change in temperature 
bends the composite rod AB and opens or closes an electric circuit. 


Read the temperature indicated by the thermometer T, and 
replace the water in the jacket by steam from a boiler, at the 
same time releasing the micrometer screw to allow for expansion 
of the rod. After the rod has been heated, turn the micrometer 
screw until it is again tight. The amount it has been advanced 
gives the increase in the length of the rod. Note the temperature 



Fig. 250. — Measurement of coefficient of linear expansion, that is, change in 
length per unit length per degree change of temperature. 


of the water, and measure the original length of the rod. Divide 
the increase in length by the original length. This gives the 
increase in length per unit length. Now, divide the increase in 
length per unit length by the change in temperature. This 
gives the increase in length per unit length per degree change in 
temperature. 


e = kl(ti — ^ 2 ), 
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where e = the change in length. 

k = the coefficient of expansion. 

I = the original length, 
f i = the highest temperature, 
to = the lowest temperature. 


Or 


^ Kti - k) 


The coefficient of expansion, /c, is the increase in length per 
unit length of the bar for 1" rise in temperature. This quantity 
is a small fraction which varies from substance to substance. It 
is independent of the units in which the length is measured but 
depends on the units in which the temperature is measured. For 
the centigrade scale, it will have one value, and for the Fahrenheit 
scale, the value will be only five-ninths as large. (Appendix 
D-lo’.) 


Example. — A telephone wire is 1 mile long when the temperature 
How much would its length increase by raising the temperature to 35®C.? 
Assume the coefficient of linear expansion of iron to be 0.000012 per degree 
centigrade. 

Change in length = original length X temp, change X coef. of expansion. 

Change in length in feet — 5,280 X 35 X 0.000012 = 2.22 ft. 

273. Illustrations of Expansion. — In the 
construction of an iron bridge (Fig. 251) 
provision is made for the expansion of the 
iron. To make it possible for the bridge 
to expand, one end of the bridge is 
mounted on a roller. As the length of the 




[■'//'V//. , 
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Fig. 251. — Expansion of a bridge. 
Change of temperature causes A to move 
along the pier. 


Fig. 252. — Balance wheel of a 
watch. Change of temperature 
changes the rotary inertia of the 
wheel. 


bridge increases or decreases, the end of the bridge moves forward or back 
without injuring the piers. 

A wire fence is made of wires which are not straight but bent back and 
forth in kinks so that, as the temperature of the fence increases, the wire is 
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not stretched, as these bends in the wire take care of the increase or decrease 
in length. 

In a watch, the balance wheel (Fig. 252) is made of two metals which 
are fastened together. As the temperature of the wheel increases, the end B 
and the end A are carried in, making the effective radius of the wheel less. 
The expansion of the radius tends to carry the rim of the wheel farther 
away from the center. At higher temperatures, the elasticity of the hair- 
spring is less, and this makes the wheel tend to move more slowly. As 
the free ends of the wheel move in, the wheel tends to vibrate more rapidly. 
These two tendencies, one making the wheel go more slowly and the other 
making it go more rapidly, are made to compensate each other, so that the 
period of vibration remains the same at all 
temperatures. 

274. Unequal Expansion of Substances. — 

The unequal expansion of various substances 
when heated is a matter of much importance 
in the formation of soils. If the sun shines on 
rocks made up of minerals containing different 
kinds of crystals which do not expand at the 
same rate, the unequal expansion or contrac- 
tion of these crystals tends to loosen them. 

In this way, the rock breaks up into small 
fragments which gradually form soil. 

275. Expansion of Liquids. — ^Toshow 
that liquids expand when heated, fill a 
flask with kerosene or with water. 

Insert in it a stopper through which 
passes a glass tube. Allow the liquid 
to rise a small distance in the tube. , ^53.--Expansion tank 
AOW insert the flask in a vessel filled takes care of the increase of 
vdth. hot water. Soon the liquid ’«■**•* 

perature. 

begins to expand, and the surface of the 

liquid in the tube rises. If two such flasks are put in the 
vessel side by side, and if one of these flasks is filled with 
water and the other filled with alcohol, it vill be found that 
the alcohol expands much more than the water for the same rise 
in temperature. Kerosene and most oils expand more rapidly 
than water. In a hot-water heating system, an expansion tank 
(Fig. 253) is provided to take care of the increase in the volume 
of the water wKen the furnace is heated. 

In the case of solids, we are usually concerned with the change 
in length with change of temperature. In liquids and gases, on 
the other hand, we are concerned with the change in volume with 
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change of temperature. The coeiaacient of cubical or volume 
expansion may be defined as the change in volume per unit 
volume per degree change in temperature. It may also be 
expressed as follows: 

Let V = the change in volume. 

V = the original volume. 
ti = the initial temperature. 

U = the final temperature. 
a = the coefficient of volume expansion. 


Then 


^ - Y{U - k) (Appendix, D-10.) 

Example. — A barrel which holds 30 gal. is completely filled with kerosene 
when the temperature is 0°C. How much kerosene will overflow when the 
temperature is raised to 75°C.? 

Coefficient of expansion of kerosene = 0.00085. 

Change in volume — original volume X change in temperature X 

coefficient of expansion. 

= 30 gal. X 75 X 0.00085. 

= 1.9 gai. 

276. Maximum Density of Water. — It has been seen that 
liquids like alcohol and kerosene expand whenever heated. The 
expansion of water at temperatures in the neighborhood of 4°C. 
is very peculiar. Fill a bulb to which is attached a capillary 
tube filled with water, as in the preceding experiment, and then 
place it in a vessel filled with cracked ice. When the temperature 
has become constant, note the position of the liquid in the capil- 
lary tube. On removing the flask from the vessel of ice water 
and allowing it to warm gradually, it will be noticed that the 
liquid in the capillary tube first descends and then rises on further 
heating. This means that the water on being heated above 0*^0. 
at first contracts and then expands. Careful experiments show 
that water has its least volume at 4°C. When it is warmed above 
this temperature or cooled below this temperature, it increases in 
volume. As the volume of the liquid increases, its density 
decreases; and as the volume of the liquid decreases, its density 
increases. Hence, where the volume of the liquid has its least 



EXPANSION BY HEAT 


249 


value, the density has its greatest value. The facts with respect 
to water may, therefore, be expressed by saying that the volume 
of the liquid is a minimum at 4°C. (Fig. 254) and the density is a 
maximum. 


277- Expansion of Gases.— Gases as well as liquids and solids 


expand when heated and con- 
tract when cooled. If a spheri- 
cal bulb (Fig. 255) has a small 
glass tube with its end immersed 
in a beaker of w^ater, it w^ill be 
found that on heating the bulb, 
air bubbles out of the beaker; 
and as the bulb is allow^ed to 
cool, the liquid rises in the tube. 
From this experiment it is seen 
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that the volume of the gas Temperature, deg. C. 

increases as the temperature 254.— Specific volume of w^er. 
. , , ■ , The volume is a minimum at 4°C. 

nses and decreases as the tem- 


perature falls. If the pressure is kept constant, the whole vol- 


ume of the air occupies more space than it did w^hen it was cold. 




Consequently, hot air w^eighs less 
per cubic inch or per cubic centi- 
meter than cold air; that is, the 
density of air or any other gas 
decreases as the temperature rises. 

278. Rise of Smoke in a Chimney. — 
When the fire is lighted in a fireplace, the 
air in the neighborhood of the fire is 
immediately warmed (Fig. 256). This 
causes its density to decrease due to the 
expansion of the air. Since the density 
of the warm air is less than that of the 
cold air nearer the top of the chimney, 
the heated air rises and the cold air 
descends to take its place. The heated 


Fig. 255.- Fig. 256.— Rise of in this case behaves like a light gas in 
Expansion smoke in a chimney. <1 balloon. It weighs less than the cold 
of gases with Rising warm air is air which it displaces. The hot air is 
rise of tern- replaced by cold consequently pushed up by the cold air, 
perature. air. upward circulation of the air 


takes place. After a short time the entire chimney is filled with hot air, 
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and this entire volume of hot air is pushed up just as a body immersed in 
a liquid is lifted by the liquid which it' displaces. Since a tall chimney has 
a larger volume of hot air than a short chimney has, the lifting effect in the 
tall chimney is greater than in the short chimney. Hence, tall chimneys 
draw better than low ones. 

279. Expansion of Gases in Cooking. — In making bread, the yeast gives 
off carbon dioxide. This gas is liberated all through the dough, and there 

are formed in the dough thousands of 
small closed pockets filled with gas. As 
more gas is liberated, these pockets grow. 
This process causes the bread to rise. 
When the dough is placed in the oven, the 
yeast ceases to produce the carbon dioxide, 
but the dough continues to rise for the 
reason that the heat expands the carbon 
dioxide. 

When eggs are beaten, small bubbles of 
air are included. As the eggs are being 
heated, these bubbles of air expand, and 
the volume of the egg increases, thus 
making the omelet rise. The eggs should 
be beaten in a cool place for the reason 
that they are more rigid and thus able to include more air, and for the fur- 
ther reason that the colder the air, the greater will be the change in tem- 
perature on heating and the greater the increase in volume . 

280. Hot-air Heating System. — ^ 

A hot-air heating system (Fig. 257) 
depends for its ’ operation on the 
unequal heating of the air in the ^ 
furnace and the expansion of the air , 
resulting from this heating. The • 
air directly over the fii*e box becomes 
heated and expands. On account 
of the decrease of density due to this 
cause, it rises and passes out through 
the registers into the rooms. Cold 
air from the outside enters through 
the cold-air duct and is in its turn 
heated by the furnace. The process 
thus continues, giving a continuous 
supply of hot air to the rooms. 

281. Ventilation. — Except where Fig. . 258.— Ventilation by indirect 

forced circulation is provided, most .Rising warm air is replaced 

, -ij. j j i- J by incoming cold air. 

buildings depend for ventilation on 

the unequal heating of the air. The open fireplace in Fig. 256 calls attention 
to the circulation of air resulting from the warming of the air in the chimney. 
The air to replace that which rises up the chimney comes from the room, and 




tern. It depends for its action on 
change of density of the air with 
the temperature. 
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air from outdoors comes in to take the place of that which has gone up the 
chimney. 

Figure 258 shows a case of ventilation by indirect heating and Fig. 259 a 
case by forced draft. 



282. Charles’s Law. — It has been seen that gases, like solids 
and liquids, expand when the temperature is increased. In order 
to determine the rate of this expan- 40 
sion with accuracy, it is necessary to 
specify the way in which the gas is 
allowed to expand. Suppose that 3 2^ 
it is agreed that during the expansion 1 15 
the pressure on the gas will be kept ^ 


Temperature, degrees C, 

Fig. 260. — Expansion of gases at Fig. 261. — Relation betw’een 

constant pressure. volume and temperature of a 




unchanged. It is then said to expand at constant pressure (Fig. 
260). The coefficient of expansion can now be defined as it was 
defined for liquids. 

Let Vo ~ the original volume at 0®C. 

V = the volume at i°C. 
t = the temperature on centigrade scale. 
b = the coefficient of cubical expansion. 


Then 



or 


7 = 7o(l + ht). 
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The relation between the volume of a gas at constant pressure 
and its temperature is shown in Fig. 261. 

By careful experiments Charles found that the coefficient of 
cubical expansion of all gases at constant pressure is the same 
and equal to 0.00367 or 1/273. This is known as Charles's law. 
It may be expressed as 

where t is measured on centigrade scale. 

Example, — ^The volume of a certain mass of gas at 0°C. is 350 c.c. Its 
temperature is raised to 175°C. What is the new volume, and what is the 
change ia volume? 

r F. 350(l+^j - 674,3.,.. 

ij Change in volume = 574.3 c.c. — 350 c.c. = 224.3 c.c. 

283. Heating a Gas at Constant Volume.-— A 

gas may also be heated in such a way that its 
volume remains constant. In this case, the 
pressure exerted by the gas increases with rise 
of temperature. In order to show this, a bulb 
connected (Fig. 262) to a tube bent in the form 
of a U is immersed in a bath of water at room 

Fig. 262. — Heat- temperature. The mercury in the U-tube is 
^volum^ ^Th^ pr^s- brought to a mark on the glass tube at B. The 
sure is proportional bulb is now heated, and the mercury falls at B, 
to the temperature, pressure is increasing. If 

enough mercury is poured into the tube, or the right-hand side 
of the tube is elevated so that the mercury level remains at B, the 
volume of the gas remains unchanged. The pressure increases, 
and this rate of increase has been found to be constant for all 
gases. This is another form of Charles’s law. In this form, 
Charles’s law states that if the volume of a gas is kept constant, 
the pressure increases 1/273 of its value at 0°C. for every rise 
of 1°C. in temperature. 

Let Po = the pressure at 0®C, 

P = the pressure at PC. 
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Then 




Figure 263 shows the relation between pressure and temper- 
ature of a gas at constant volume. 

Example. — The pressure of a gas in a vessel was 75 cm. of mercury when 
the temperature was 0°C. After the gas was heated, the new pressure was 
found to be 125 cm. of mercury. If the 
volume remained constant during the 
heating, what was the new temperature? 


125 


273) 

" "^273 


125 - 75 
75 


273; 

X 273 


:gx273 


^ 182°C. 



-320 -160 0 +160 +320 +480 +640 

Temperature, degrees C. 

Fig. 263. — Relation between 
pressure and temperature of a 


284. Absolute Scale of Tempera- 
ture. — In the study of the heating 
of a gas at constant volume, it was 

found that the pressure of a gas always increased of its value 
at 0°C. for each degree rise in temperature above 0®C. In like 
manner, when the temperature of the gas is lowered, the pressure 
decreases M 73 its value at 0°C. for each degree the temperature 
is lowered. If this rate of decrease in pressure continue as the 
temperature is gradually lowered, it is clear that when the tem- 
perature has become 273° below 0°C., the gas will no longer exert 
a pressure. From the standpoint of the kinetic theory of gases, a 
gas must always exert a pressure as long as the molecules are in 
motion. Hence, the temperature at which the molecules cease to 
exert a pressure would be the temperature at which these mole- 
cules cease to move. This temperature is known as the absolute 
zero. 

It is often convenient to measure temperatures from this zero 
instead of from the zero on the centigrade scale. Temperatures 
on this scale are called absolute temperatures to distinguish them 
from those measured on the centigrade scale. To find the abso- 
lute temperature in centigrade degrees, 273° is added to the 
reading on the centigrade scale. If we indicate temperatures 
on the centigrade scale by t and those on the absolute scale by T, 

T = t + 273. 
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Example. — The reading on a centigrade thermometer is 57°. What 
the absolute temperature? 

Absolute temperature == reading on centigrade scale -h 273°. 
r = i + 273. 

= 57° + 273° = 330° absolute. 

285. The General Gas Law. — In Boyle's law it is assumed that 
the temperature of a gas remains unchanged while the pressure 
and the volume are varied. This law can, therefore, be applied 
only when the temperature is fixed. In that case, 

PV — constant. 


On the other hand, Charles's law assumes that the pressure of 
the gas does not change while the temperature and volume of the 
gas vary. In this case, 

F - y ^ 4- ~ + t) _ VoT 

T 273 273* 


At another temperature, 



Hence, V'/V = T'/T; i.e.^ the volumes at constant pressure 
are proportional to the absolute temperatures. If the volume 
remains constant, Charles's law states that 


and 





PoP 

273 


= p„(^i + 


273 


PoP' 
273 ■ 


Hence, P'/P = T'/T] i.e., the pressures are proportional to the 
absolute temperatures when the volume remains constant. 

It would often be more convenient to have a law in which these 
restrictions with respect to temperature, pressure, and vol- 
ume were removed. By combining Boyle's law and Charles's 
law these restrictions can be removed and the general gas law 
obtained. The general gas law expresses the relation between 
the volume of the gas, its temperature, and its pressure. 
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Let a given mass of gas ha\dng a volume Vq and a pressure 
at O^’C. (Fig. 264) be heated at constant pressure until the 
temperature is fC. Its new volume is 


Vi = Fo 




VoT 

273* 


Keeping the temperature constant, compress this gas until its 
volume is V and its pressure is P. Then by Boyle's law, 


PV = 7iPo. 


Since 


Fi - 


VoT 

273' 


PV = 

273 


Let 


= J? = constant 



Fig. 264. — Combination of Boyle's and 
Charles’s laws. 


for a particular mass of a given gas. Then, 

PV = RT, 

PV 

-jjf = P = constant, 
and 


P'V' PV 

r T 


Example. — The volume of a gas at 25®C. and atmospheric pressure is 1 1. 
What is its volume \yhen the pressure is 2 atmospheres and the temperature 
is 300°C.? 


Original pressure X original volume _ final pressure X final volume 
^ ^ ' final absolute temperature 


Original absolute temperature 

PV _ p;v^ 

T T ‘ 
1X1 2 X F' 


298 

573 


298 X 2 596 


573 

= = 0.9631. 


286. Application to Different Masses of Gases. — In case the general gas 
law is to be applied to different masses of the same gas, the law should be 
written in terms of the volume per unit mass of the gas. 
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Let Vi = the total volume of mi units of mass of the gas at pressure 
and temperature T i. 

V 2 = the total volume of m 2 units of mass of the gas at pressure ?j 
and temperature ^Ts. 

= Vi/mi = the volume of unit mass ' of the gas at pressure 
and temperature Ti. 

= Volmi = the volume of unit mass of the gas at pressure and 
temperature T^- 

Applying the general gas law to unit mass of the gas, 


Since 


PlVl _ P2V2. 
Ti 


Vi 


h 

mi 


and V 2 — 


I?, 

m 2 


PlVl ^ P2V2 

Timi ° T^m^ 


Example. — A quantity of air having a mass of 100 g. is enclosed in a vessel 
hawng a capacity of V. The pressure of the gas is 75 cm. of mercury 
and its temperature is 27°C. Find the pressure exerted by the gas when 60 
g. of it have been allowed to escape, and the temperature has been raised to 
227°a 

Let mi = 100 g. 
mo = 40 g. 

Ti *= 300® absolute. 

T 2 = 500° absolute. 

Pi = 75 cm. of mercury. 

V X Pi 

miTi 

7 X75 
100 X 300 
P 2 


_ 7 XP 2 
m2P2 

_ 7 XP 2 
40 X 500* 

= 50 cm. of mercury 


Problems 

1. A bar of copper with a coefficient of linear expansion of 0.0000167 is 
measured at 15®C. and found to be 65 cm. long. At what temperature will 
it be 1 mm. shorter? 

2. Steel rails in 40-ft. lengths are laid in water at 0°C. How much 
space between consecutive rails must be allowed to permit expansion to a 
summer temperature of 45®C. ? 

3. A sheet of brass has an area of 112.8 sq, cm. at 18®C. What will be 
the area at a temperature of 100°C.? 

4. A steel rod 24 cm. long has a cross section of 0.8 sq. cm. What force 
would be required to extend the bar by the same amount as the expansion 
produced by heating it through 10°C.? 
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5 . A rod of steel and one of brass have exactly the same length, 120 cm., 
at 0®G. The rods are heated until they differ in length by 0.08 mm. What 
is the temperature? 

6. A brass pendulum is adjusted to beat seconds at lo°C. What will 
be the gain or loss per day if the temperature of the clock drops to 0°C.? 

7. An iron ring which is 1 ft. in diameter is to be shrunk on a pulley which 
is 1.005 ft. in diameter. If the temperature of the ring is 10°C., find the 
temperature to which it must be raised so that it wdll just slip on the cir- 
cumference of the pulley. 

8. A glass flask wuth a very small coefficient of expansion holds exactly 
1 1. It is filled with mercury at 0°C. and then heated to 80®C. How much 
mercury runs out? 

9. A copper sphere 12 cm. in diameter is immersed in w^ater at 10®C. 
How much will the buoyancy of the water on it be changed when the w'ater 
is heated to 75°C.? 

10. A long U-tube is filled wdth alcohol. One arm of the tube is kept at 
10®C. and the other arm at 30°C. Find the length of the column in the 
tube at the higher temperature, if the length of the column in the tube at 
the lower temperature is 60 cm. 

11. Air pumped into a tank has a temperature of 90 °F., and the pump 
stops when a pressure of 150 lb. per square inch, in excess of atmospheric 
pressure, is reached. What wull be the pressure in the tank after the air has 
cooled down to 68°F. ? 

12 . What volume would be occupied by a sample of gas which occupies 
400 c.c. at 0°C. and 76 cm. pressure if it were cooled to —30° and the pres- 
sure reduced to 73.5 cm.? 

13 . A flask contains air at room temperature, 17°C., and a pressure of 

74 cm. of mercury. Find the pressure in the flask after it is sealed and 
cooled to — 80°C. 

14 . Illuminating gas is stored in a tank designed so that the volume may 
change but the pressure remains constant. If the tank contains 30,000 cii. 
ft. under standard conditions, how much does the volume change when the 
temperature rises from 7 to 35 °C.? 

16. A clock which has a brass pendulum beats seconds correctly when 
the temperature of the room is 22°C. How many seconds per day wnll it 
gain or lose when the temperature of the room is 16°C.? 

16 . At the beginning of the compression stroke of an automobile engine, 
the gas occupies a volume of 12 cu. in. at atmospheric pressure. At the end 
of the compression, the pressure is 6.6 atmospheres and the volume 2.1 cu. 
in. What is the temperature according to the general gas law, if the original 
temperature was 37°C.? 

17 . Instruments for the study of the upper atmosphere are sent up in a 
free baUoon made of rubber which stretches as the gas inside expands. 
What volume would be assumed by 120 cu. m. of gas admitted at 2°C. and 

75 cm. pressure in a region where the pressure is 40 cm. and the temperature 
33°C.? 

18 . An air bubble has a volume of 10 cu. cm. at the surface of a lake where 
the temperature is 27°C. What is its volume at a depth of 300 m. where the 
temperature is 5°C. ? 
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19. A stratosphere balloon has a gas bag which has volume of 500,000 cu. 
ft. when the barometer reads 75 cm. of mercury and the temperature is 20°C. 
Find its volume when the balloon has risen to such a height that the atmos- 
pheric pressure is 12 cm. of mercury and the temperature --32°C. 

20 . A tank containing 6 cu. ft. of oxygen at a pressure of 250 lb. per square 
inch is opened and the oxygen allovred to escape into a sealed chamber 
which has a volume of 60 cu. ft. The chamber originally contained air at 
atmospheric pressure. What is the resulting pressure if there is no change 
in temperature? 
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287. Brownian Motions. — ^The simplest and most direct evi- 
dence for the existence of molecules was first noted by an English 
botanist by the name of Brown. With a microscope he observed 
the motion of very fine particles held in suspension in water and 
noted that these fine particles are constantly in motion. The 
.'smaller the particles the more freely do they move. The motion 
of these particles is caused by the incessant bombardment of the 
molecules of the water or other liquid in which they are suspended. 


Condenser ,-y-Vcicbvm tube 




Mercury--^ 'Class particles 




Screen 


Fig. 265. — Motion of shadow's cast by glass particles illustrate behavior of 

molecules. 


Tliis bombardment of the water molecules is not the same on the 
different sides of the fine particles. Hence, they are driven 
hither and thither. An approximate picture of the beha\ior of 
such small particles is obtained by projecting on a screen (Fig. 
265) the shadows cast by finely divided glass particles which are 
set in motion by rapidly boiling mercury. 

Perrin and others who have made careful studies of these 
motions have found that the distribution of these particles, Aeir 
velocities, and their mean free paths are precisely what should 
be expected from the kinetic theory of gases. From these obser- 
vations it is possible to determine the number of molecules in 

259 
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1 c.c. of a gas under standard conditions. The fact that the 
number of molecules per cubic centimeter in a gas as determined 
in this way is in good agreement with the number derived from 
the methods involving the kinetic theory of gases shows that the 
motion of these fine particles obeys the same general laws as the 
motion of molecules. 

288. Basic Assumptions. — ^The physical properties of a gas are 
well explained on the molecular theory. Three basic assumptions 
are, however, necessary. 

1. The molecules of a gas are extremely small, perfectly elastic 
spheres. This assumption implies that when molecules of gas 
collide with, other molecules or with the walls of the containing 
vessel, the total kinetic energy of the molecules is not diminished 
in any way. 

2. The molecules move with high velocities through the space 
occupied by the gas. Between collisions, their paths are straight 
lines. This assumption implies that the forces acting on the 
molecules are negligible except at collision. 

3. The time occupied in a collision between two molecules or 
in a collision of a molecule with the 
wall is small compared to the time 
between collisions. This assumption 
implies that a collision is nearly 
instantaneous. 

289. Molecular Velocities in Gases. — 
Consider a large vessel (Fig. 266) containing 

Fig. 266.— Migration of mole- two compartments. Let one of these. A, be 
cules through a hole m a ..i, „ j . 

partition. mied with a gas and the other compartment 

B be empty, and suppose there is a fine cir- 
cular opening 0 in the partition DCEF between the two compartments. The 
gas molecules which fall upon the opening 0 will leave the compartment A 
and enter the compartment B. If by some means the pressure of the gas is 
maintained constant in the compartment A, the number of molecules which 
pass through the opening 0 in a given time is just equal to the number of 
molecules vrhich would have collided with an area of the wall equal to the 
area of the opening. In this way, there is formed a stream of molecules 
from the compartment A to the compartment B. The velocity of this 
stream is equal to the mean velocity of the molecules. 

If the velocities of the molecules escaping through the opening could be 
measured directly, the molecular motions of the molecules would be estab- 
lished directly and the velocities of the molecules determined directly by 
experiment. In general, these velocities cannot be measured since the 
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molecules collide with other molecules and are deflected from their paths. 
The collision of the molecules with their neighbors can be prevented hy 
allowing the molecules to escape into a vacuum. The paths of the mole- 
cules can be traced in a number of vrays. The velocities of molecules differ 
from molecule to molecule. A few have very large velocities and a few 
very small velocities. This variation of the velocities of the molecules is 
shown in Fig. 267 which gives the relation between the number of molecules 
and their velocities. 



Fig. 267. — Distribution of velocities in a large group of molecules. 


290. Monomolecular Filins. — maximum value of the size of 
a molecule has been obtained by measuring the thickness of the 
thinnest layer of a substance which will retain the properties of 
that substance. Such a layer ' of the substance must have a 
thickness at least equal to the diameter of the molecule, but the 
thickness may be several times the diameter of the molecule. To 
get a maximum value for the diameter of a molecule by this 
method, a known mass of oil is allowed to spread over the surface 
of water. Care is taken that the film of oil on the surface of the 
water be as thin as possible. From the area of the film of oil, the 
mass of the oil, and its density, the thickness of the film can be 
calculated from the equation, 


Thickness 


mass 

area X density 


The thickness obtained in this way is found to be about 
0.000001 mm. Hence, the maximum diameter of a molecule of 
oil is less than 10“® mm. Since the layer of oil is probably several 
molecules of oil in thickness, the diameter of the molecule is much 
less than 0.000001 mm. 
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291. The Mean Free Path and the Number of Collisions per 
Second. — The distance the molecules travel between collisions 
differs from time to time. Figure 268 represents diagrammatic 
cally the paths of a molecule between different collisions. The 
average of the lengths of these paths over a large number of 
collisions is called the mean free path of the molecule. In a similar 
way, the velocities of the molecules vary between collisions, and 
the mean velocity is defined as the average of the velocities 
between a large number of collisions. From the mean free path 
and the mean velocity of the molecules, it is possible to calculate 
K the number of collisions the molecules 

/ \ make per second. 

f \1 Let L = the average distance the mole- 

I — ^ Y cules move between colli- 

\ 1 sions. 

\ y I V — the mean velocity of the mole- 

\ /Y/iy i cules. 

= “the number of collisions per 
second. 



292. Molecular Magnitudes.— There 
behavior of molecules are a number of molecular magnitudes 
between collisions. characteristic of gases under different con- 

ditions. Some of these- magnitudes are knowm with great 
accuracy. Others are only approximately known. 

1. The mean velocity for a particular temperature differs from 
one kind of gas to another kind. 

2. The number of molecules per cubic centimeter is the same 
for aU gases at the same temperature and pressure. 

3. The mean free path depends on the pressure and temperature 
of the gas. 

4. The effective diameter of molecules is a useful quantity 
because there are many phenomena w’-hich can be satisfactorily 
described, as if the molecules were solid spheres with definite 
diameters. Later considerations will show, however, that mole- 
cules are not solid spheres to which a definite diameter can be 
assigned. 
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Molecular Quantities op 0°C. at Pressure of 76 Cm. of 
Mercury 

Hydrogen Oxygen 

Xuinber of par- 
ticles per cubic 

centimeter. ... 2.70 X 2.70 X 10^® 

Diameter of each 

molecule 2,4 X lO"* cm. 3.2 X lO"® cm. 

Mass of each 

molecule 3.33 X lO-^^ g. 53 X 10"^-^ g. 

Mean free path . . 1.83 X 10“^ cm. 1.0 X 10"® cm. 

Xumber of colli- 
sions per sec- 
ond 1.00 X 10“ 4.6 X 10« 

Average velocity 18.4 X 10^ cm. per secondj 4.6 X 10^ cm. per second 
Mass per cubic 

centimeter 8.99 X 10"® g. 1.43 X 10“® g. 

Volume per gram 1 . 11 X 10^ c.c. 699 c.c. 

Number of mole- 
cules in 1 gr.- 

mol 6.06 X 1023 6.06 X lO^^ 

293. Pressure of a Gas from the Elinetic Theory. — ^The pressure 
exerted by a gas is due to the bombardment of the walls as the 
molecules strike against them (Fig. 269). An expression for the 



Fig. 269.— Collision of Fig. 270.— Collision of a 

molecules against the walls molecule against the face of 

of the containing vessel. unit cube. 


pressure may be derived by neglecting the size of the molecules 
and their impacts against each other, and considering each mole- 
cule as colliding only with the wall of the vessel. Suppose that 
a single molecule is enclosed in a cube (Fig. 270) with an edge 
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1 cm, long, and that this molecule moves to and fro across the 
cube at right angles to two of its opposite faces. Let v denote 
the velocity of the molecule and m its mass. Its momentum is 
mv as it approaches one of the faces. At collision, the direction 
of its velocity is reversed. The molecule is stopped and then 
started in the opposite direction, so that the change of momentum 
produced by the collision is 2mv. Between two consecutive 
collisions with the same face, the molecule travels a distance of 

2 cm. The time between collisions at the same face is therefore 
2/v. The number of collisions per second is v/2. Since at 
each collision the change of momentum is 2mv, the change of 
momentum per second for each molecule is 

V 

2mv X 2 = 

i.e.j 

Change of momentum per second at single face = mv^. 

If there are N molecules in each cubic centimeter, they will be 
moving in all directions. On the average, however, it may be 
assumed that N/S are traveling parallel to any edge of the cube. 
Of these N /3 molecules, one half is moving in one* direction, and 
the other half in the opposite direction. Each of these molecules 
win strike the opposite face of the cube alternately. At each of 
these collisions the momentum of the molecule will be reversed 
in the same way as that of the single molecule considered above. 
The change of momentum at one face per second for all the 
molecules is 

Change of momentum per second per square centimeter 

N 

of face of cube = -^mv\ 

By Newton's second law of motion, the change of momentum 
per second is equal to the force. In this case, the force per unit 
area is called the pressure. Hence, the pressure exerted on 1 sq. 
cm. of the cube is 

N 

V = dynes per square centimeter, 

o 

The density of a gas is the mass per cubic centimeter = Aw. 



KINETIC THEORY OF GASES 


265 


P = Nm. 



According to Boyle’s law, p/p is constant as long as the tempera- 
ture is unchanged. Hence, V^, which stands for the mean square 
velocity of the molecules, is constant for a given temperature. 
The molecules have different velocities, but the mean of the 
square of the velocities of the individual molecules remains con- 
stant so long as the temperature is not changed. 

The characteristic equation of a perfect gas states that 

^ = RT. 

Hence, 

~=RT; 

that is, the mean square of the velocities of the molecules is pro- 
portional to the absolute temperature of the gas. According to 
the kinetic theory the molecules will have lost all their motion at 
the absolute zero. 

294. Specific Heats of Gases. — The specific heat of a gas 
depends on whether the gas is heated at constant volume or at 
constant pressure. These two specific heats are known as. specific 
heat at constant pressure and specific heat at constant volume, 

1. Specific Heat at Constant Volume . — ^When heat is supplied 
to a gas in which the volume is kept constant, the pressure 
increases, and all the energy vrhich is supplied to the gas is used 
to increase the kinetic energy of the molecules. There is no 
external work done by the gas. When the temperature of 1 g. 
of the gas is raised through 1°C., the gas will absorb Cv units of 
heat, and this quantity of heat is its specific heat at constant 
volume. 

2. Specific Heat at Constant Pressure . — In heating a gas 1°C., 
at constant pressure the heat required to increase the speed of 
the molecules will be the same as it was in case the gas was heated 
an equal amount at constant volume. In addition to this heat, it 
is necessary to supply a certain amount of heat to do external 
work while the gas is expanding. For example, if the gas is 
expanding in a cylinder closed by a moving piston, the molecules 
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after colliding with the piston will rebound with less energy than 
that with which they reached the piston. Additional energy 
must be supplied to make up this decrease. Consequently, the 
specific heat at constant pressure must exceed the specific heat 
at constant volume by an amount which is just equal to the 
thermal equivalent of the work which is done when unit mass of 
eras is heated through 1°C. at constant pressure. In a simple 
case this work may be done on a piston which moves as the gas 
expands If A is the cross section of the piston in square centi- 
meters p the pressure of the gas in dynes per square centimeter, 
and d’the distance in centimeters through which the piston 
moves, the work done by the gas is 

External work = force X distance = pAd ergs. 

Now Ad = vis the increase in volume of unit mass of the gas for 
jj], temperature. Since the coefficient of expansion of a 
gas at constant pressure is j^73) 

V 

" “ 273’ 

where V is the original volume of unit mass of the gas at O'C. 
Hence, 

pV 

External work for 1°C. rise in temperature = P*' = ^ ®rgs. 

From the characteristic equation of a gas 
pV = RT 
py _ p - iZ 

273' 

Therefore, the work to raise the temperature 1°C. = R ergs. 

Hence Cp — C„ = R, 

if Cp and Cv are measured in work units. 

The ratio of the specific heat of a gas at constant pressur* 
to the specific heat at constant volume is 

fc = ^ == 1.41 for air, 

\yv 

= 1.66 for mercury vapor. 



KINETIC THEORY OF GASES 


267 


296. Relation of Temperature to the Kinetic Energy of the 
Molecules. — ^According to the kinetic theory, the temperaturt* 
of a gas corresponds to the mean kinetic energy of its molecules ; 
that is, to }2 MV~j where M is the mass of the mole(?ule, and 
r- is the mean square of the velocities at a given temperatures 
If the temperature of the gas is kept constant, the mean kinetic 
energy of the molecules is also constant. On this theory, the 
cooling of a gas is equivalent to decreasing the kinetic energy 
of the molecules, and heating a gas is equivalent to increasing 
the kinetic energy of its molecules. If the cooling of a gas were 
continued until its molecules no longer had any mean kinetic 




Mean Posrfion Mean Poslfhn 


Fig. 271. — The rotation Fig. 272. — The vibration of a 

of a diatomic molecule diatomic molecule- The mole- 

about an axis. The mole- eule has energy of \dbration. 
cule has energy of rotation- 

energy, the translational motion of the molecules would cease. 
The molecules would have no kinetic energy of translation, 
and the temperature of the gas would be said to be absolute zero. 
From the kinetic theory (Sec. 293) and Charleses law (Sec. 283), 
this temperature comes out to be 273° below zero on the centi- 
grade scale. 

The molecules of a gas may have energy of rotation and energy of vibra- 
tion as well as energy of translation. For example, if the molecule con- 
sists of two atoms, these may rotate around their center of gravity and 
thus have energy of rotation (Fig. 271) ; or the two atoms may vibrate with 
respect to each other (Fig. 272), in which case the molecule has a certain 
amount of energy of vibration. 

296. Elasticity of Gases. — In the case of gases there will ordi- 
narily be a change of .temperature when the gas is compressed 
or expanded. In such cases, the coefficient of elasticity depends 
on the way in which the gas is compressed. It is customary to 
distinguish two cases : (1) When the volume change takes place 
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at constant temperature; (2) when the volume change takes 
place so suddenly that there is no time for the heat, generated 
by a compression to jflow out of the gas or for heat to flow into 
the gas during an expansion. The former is called isothermal 
elasticity and the latter adiabatic elasticity. The coefficient of 
adiabatic elasticity is always greater than the coefficient of iso- 
thermal elasticity. In the case of air, tEe coefficient of adiabatic 
elasticity is about 1.4 as great as the coefficient of isothermal 
elasticity. Hence, it is more difficult to compress a gas adiabati- 
cally than it is to compress it isothermally. 

The coefficient of isothermal elasticity may be calculated as follows: 


Let P — the pressure of the gas before compression. 

P' = the pressure of the gas after compression. 
(P' P) = the change in the pressure of the gas. 

= the change in force per unit area. 

= the stress. 

Let V = the volume of the gas before compression. 

— the volume of the gas after compression. 
(F — F') = the change in volume. 


( 



= the change in volume per unit volume. 


= the strain. 


Coefficient of elasticity = E — f 

Vstrain/ fV — F'\ 

KT-J 

From Boyle^s law, P/P' = F'/F, 

P'_^P V - V' 

P' 


whence 



p' -p p' 


F - F' F 

and 


t.€., 

11 

1 i 


Ei — P (approx.) for small changes of pressure. 

The coefficient of adiabatic elasticity — Ea ~ kP (see Appendix E-2), 

^ _ specific heat at constant pressure _ Cp 
specific heat at constant volume “ 


where 
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297. Molecular Attractions in Gases. — The first attempt to 
detect the existence of forces acting between gaseous molecuies 
was made by Joule who connected two flasks (Fig. 273) together 
by means of a tube containing a stopcock. One of the flasks 
was exhausted and the other was filled with air, and the flasks 
were immersed in a vessel filled with 
water. When the stopcock was opened, 
the gas distributed itself through both 
flasks, and the pressure became equal in 
the two flasks. The average distance 
between the molecules was greater after 
this equahzation. If the molecules at- 
tract each other, w'ork must have been 

done in pulling them apart. The work 273.— Free expansion 

_ f T 1 i . ^ vessel to 

to pull the molecules apart comes at the another. A test for moiec- 

expense of the heat energy in the gas attraction. 

itself and should cause a fall in the temperature of the gas. But 

this method was not sufflciently sensitive to detect small changes 

in terhperature, and consequently the experiment led to negative 

results. 

Another form of the experiment was devised. It is a less 
direct but more sensitive method of observing any change in 
temperature in a gas when it expands from a high to a low- pres- 



Low pressure, 
A 


1^ pressure 



Fig. 274.- 


-Cooling effect produced by a gas expanding from a higher to a lower 
pressure. A more accurate test for molecular attraction. 


sure. A diagrammatic representation of the essential parts of 
the apparatus used in this experiment is shown in, Fig. 274. By 
means of a compressor, a high pressure is maintained on the 
right-hand side of a porous plug M consisting of a mass of tightly 
packed cotton. Through this plug the air is forced slowly and 
emerges on the left-hand side of the plug with an inappreciable 
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velocity but at a very much lower pressure. With the pressure 
on the right-hand side about 200 atmospheres, that on the left- 
hand side is scarcely more than 1 atmosphere. Thermometers 
Ti and To give the temperature of the gas just before and just 
after it passed through the plug. Precautions are taken to pre- 
vent heat from flowing into the gas from the outside or from 
escaping from the gas to the outside air. 

The results of experiments of this type show" that when proper 
care is taken to prevent heat from flowing out of the gas or iato 
it, there is, in general, a decrease in temperature in passing 
through the plug. This decrease in temperature is nearly propor- 
tional to the difference in pressure on the two sides of the porous 
plug P. The magnitude of this cooling effect gives a measure 
of the attraction betw^een the individual molecules for each other. 
The greater the pressure, the greater is this attraction. 

298. Deviations from Boyle’s Law. — If Boyle's law" held rigidly 
for actual gases, the product pv w"ould be constant for all pressures 
and volumes of the gas so long as the temperature were kept con- 
stant. But accurate observations show that the product pv is 
not constant over any wide range of pressures. At first the 
product pv decreases wdth increasing pressure. After passing 
through a minimum value, it increases with further increase of 
pressure. These divergences from Boyle's law are due to two 
causes. 

1. The volume of the molecules is not negligible in comparison 
wdth the total space occupied by the gas. At low pressures, the 
space actually occupied by the molecules of the gas is much less 
in comparison with the total space occupied by the gas than it 
is at high pressures. 

2. In ideal gases, it is assumed that the forces of attraction 
between the individual molecules can be neglected. In actual 
gases at high pressures, these forces become appreciable and 
cause deviations from Boyle's law which is only valid for ideal 
gases. 

These two causes oppose each other. The temperature and the pressure 
of the gas determine in a given case which of the effects predominate. To 
take accoxmt of these tw^o effects, corrections must be made in the general 
gas law. A number of equations have been suggested to provide for these 
corrections. The most familiar of these equations is the one proposed 
by Van der Waals. This equation is as follows: 
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(p +^)(t’ - i>) = RT, 

where a and h are constants which are characteristic of a given gas but 
independent of temperature and volume. This equation differs from the 
general gas law by the addition of tw’o terms: (1) (a/V^), which is introduced 
to correct for the attractive force between the molecules; and (2) 6, which 
corrects for the volume occupied by the molecules themselves in comparison 
with the total space filled by the gas. 

Problems 

1. Find the number of gas particles each with a mass of 3.3 X lO”*® g. 
and an average speed of 560 m. per second which w'ould maintain normal 
atmospheric pressure against the walls of a containing vessel with a volume 
of 5 c.c. 

2. A vessel containing hydrogen is attached to a pump, and the pressure 
is reduced to 10“^ mm. of mercury at a temperature of 17°C. How many 
molecules per cubic centimeter remain in the vessel? 

3. How long would it take for a toy balloon to deflate to half its original 
volume at atmospheric pressure, if it were losing hydrogen molecules at the 
rate of a million per second? (Assume an original volume of 1 1. and 100 cm. 
of mercuiy" pressure.) 

4. Calculate the average velocity of particles of carbon monoxide under 
standard conditions if the density of the gas is 1.25 g. per liter. 

6. A McLeod gauge can indicate pressures as low as 0.000001 mm. 
How many molecules per cubic centimeter of hydrogen would be required to 
produce this pressure at 0°C.? 

6, How many molecules per cubic centimeter are there in a vessel in 
which the temperature is 27'’C. and the pressure 10”® mm. of mercury? 

7. A carefully evacuated vessel has a volume of 2 1. It develops a small 
leak through which two million molecules of air pass each second. How 
long before the pressiire of the air in the vessel will be 0.25 atmosphere? 
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FUSION 

299. The Melting Point.— If a vessel of ice or snow is heated, 
the temperature at first rises until it is 0°C. and then remains 
stationary until all the ice is melted. After all the ice has been 
melted, the temperature of the water begins to rise. That tem- 
perature at which the solid changes into a hquid without a change 
of temperature is called the melting point. For ice, this tempera- 
ture is 0°C. or 32°F. At the melting point, the addition of heat 
sim ply serves to hasten the melting process without any change 
of temperature. 

If a pail of water is placed in a freezing mixture of ice and 
snow, the temperature of the water decreases until ice begins to 
be formed in the pail. After this temperature has been reached, 
the temperature of the water in the pail remains the same until 
all the water has become ice. That temperature at which the 
liquid changes into the solid state is its freezing point. This 
temperature is ordinarily the same as the temperature at which 
the solid melts. For crystallme substances, like ice or copper, the 
freezing point or the melting point is sharply defined. For sub- 
stances which are not crystalline, like wax or glass, the substance 
gradually softens in passing from the solid to the liquid state. 
Such substances do not have a definite melting point. In the 
cases of certain fats, the melting point is not the same as the 
freezing point. For example, butter melts between 28 and 32°G. 
and solidifies between 20 and 23°C. For other data on melting 
points see table, page 770. 

300. Heat of Fusion. — In order to cause a solid like ice to 
change into a liquid, it is necessary to supply a given quantity of 
heat to each gram or each pound of it. This is true, though the 
temperature of the ice at the beginning is the same as the tem- 
perature of the water at the end of the process. The ice has a 
crystalline structure, and the heat which is supplied is necessary 
to tear down this structure. Evidently,- the water in changing 
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back to ice or, in general, the liquid in changing back to a solid 
will give up the heat which it absorbed in melting. The heat of 
fusion of a substance is defined to be the number of calories 
necessary to convert 1 g. at the melting point into liquid at the 
same temperature. It may also be defined as the number of 
British thermal units w’hich must be supplied to change 1 lb. of 
the solid to liquid without a change of temperature. To change 
1 g. of ice to water at 0°C. requires 80 cal, and to convert 1 lb. of 
ice to water at 32°F. requires 144 B.t.u. 

The heat of fusion of a substance can easily be found by the method of 
mixtures. 

Let M - the number of grams of substance melted. 
t = the melting point of the substance. 
t' — the temperature of the calorimeter at the beginning. 

T — the temperature of the calorimeter at the end. 
m' = the initial mass of water in the calorimeter. 
m = the mass of the calorimeter. 
s' = the specific heat of the calorimeter. 
s" = specific heat of water. 

a = the specific heat of the substance in the liquid state. 

L ~ the latent heat of fusion. 

Heat lost by water = — T). 

Heat lost by the calorimeter = ms'{t' — T). 

Heat required to melt the substance = ML. 

Heat required to change the substance from the melting point to the final 
temperature = Ms(T — t). 

Since, 

Heat gained = heat lost : 

ML 4- MsiT -t) ^ m's"{t' - T) -rns'it' - T). 

In the case of ice, this reduces to 

ML + Ms"{T - 0) .= m's"{t' - T) + ms'{t' - T). 

From this equation L can be found. 

Example. — In making observations on the heat of fusion of ice, the follow- 
ing data were taken: 

Mass of ice melted = 25 g. 

Initial temperature of the water in the calorimeter = 30.0°C. 

Final temperature of water in calorimeter = 18.0°C. 

Initial mass of water in calorimeter = 200 g. 

Neglecting the heat lost by the calorimeter, find the heat of fusion of 
the ice. 

Heat lost by the water = mass of water X change in temperature of 
water X specific heat of water 

= 200 X (80 - 18)s" = 2,400. 
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Heat necessary to melt the ice = mass of ice X heat of fusion 
= 25 X X. 

Heat necessary to raise temperature of water from 0 to final temperature 
= mass of melted ice X change in temperature X specific heat of water 
- 25(18 - 0) X 1. 

Heat lost — heat gained. 

Hence 

200(30 - 18) X 1 = 25L + 25(18 - 0) X 1. 

^ ^ (200 X 12) X 1^- (25 X.18).X 1 ^3 


301. Supercooling. — If a pure liquid is carefully protected 
from mechanical disturbances, it may be cooled below the tem- 
perature at which it normally solidifies. Thus, water may be 
cooled to — 10°C. or lower without becoming ice. The liquid 
at such a temperature is in a state of unstable equilibrium and 
wdll immediately solidify if it is disturbed or if a crystal of the soKd 
is dropped into it. This phenomenon is known as supercooling. 



Fig. 275. — An iceberg with about nine-tenths submerged. {Underwood and 

Underwood.) 


302. Change of Volume during Freezing. — It is a familiar 
fact that ice floats (Fig. 275) and that pipes or bottles filled with 
water burst when they freeze. ' This shows that water expands 
when it freezes. Thus, 1 cu. ft. of water makes about 1.09 cu. ft. 
of ice when it is frozen. This expansion on solidification is due to 
the fact that the molecules of water form crystals leaving larger 
spaces between them than were present when the water was in 
the hquid condition. Cast iron behaves like water in this respect. 
It also expands when it solidifies, and for this reason is suitable 
for making castings in vrhich it is desired to reproduce the detail 
of the mold. Most metals and other substances contract on 
sohdification. This is ’one reason why gold and silver coins are 
stamped instead of being cast.* 


Plate n. Snow crystals. (Bentleu*) 









FUSION 


275 


303. Forces Exerted by Freezing Water. — That the forces exerted by 
freezing water are very large may be seen from the fact that they are suffi- 
cient to burst the strongest water pipes on a cold night. Some idea of the 
magnitude of these forces may be obtained by filling a cast-iron bomb with 
water and then putting it in a pail of ice and salt. If a screw plug has been 
placed in the bomb, and care is taken to fill the bomb completely with water, 
the solidification of the water bursts the bomb. 

The forces exerted by water on freezing are of much importance in the 
formation of soils from rocks. The wmler percolates into the crevices in 
the rocks and then freezes. The expansion which occurs during freezing 
breaks off small or large fragments, which by this process after a time 
are made into soil. The alternate freezing and thawing of soils tend to pul- 
verize them. Ice forming in the interstices of the soil serves to loosen 
compact land and give it better tilth. 

304. Effect of Pressure on the Melting Point. — Since the appli- 
cation of pressure tends to keep a body from expanding, the 



Fig. 276. — Effect of pressure on the melting point. Ice melts at a lower tempera- 
ture under pressure. 

expansion which takes place during the solidification of water is 
partially prevented by pressure. It, therefore, becomes neces- 
sary to lower the temperature below the normal freezing point 
before solidification takes place. Careful experiments show that 
the melting point of ice is lowered 0.0075°C. for an increase of 
1 atmosphere in the outside pressure. 

If, on the other hand, a substance expands upon melting, its 
melting point will be raised by the application of pressure. 

The effect of pressure on the melting point of ice may be shown 
by taking a piece of ice (Fig. 276) which is about 1.5 ft. long and 
6 in. square and hanging over it a loop of wire from which a 
weight of 35 or 40 lb. is supported. The pressure of the wire on 
the ice lowers the melting point of the ice, so that it is in a condi- 



276 


THE ELEMENTS OF PHYSICS 


tion to melt as soon as the necessary heat is supphed. In order 
to melt each gram of the ice beneath the wire, it is necessary 
to supply 80 cal. to it. This heat is taken from the water above 
the wire causing the water above the wire to freeze again. The 
water which comes from the melting of the ice below the wire is 
at a temperature slightly below 0°C., at the instant melting 
occurs. But this water immediately flows up past the wire where 
the pressure on it is atmospheric. At this pressure, the w’^ater 
freezes again, giving up heat which is conducted through the ware 
to the ice below. Thus the process continues, until the wire cuts 
its way through the block of ice, leaving 
the block as solid as it was at the begin- 
ning of the experiment. 

306. The Refrigerator. — An important illustra- 
tion of the absorption of heat in the melting of 
ice is found in the ordinary refrigerator (Fig. 
277). The ice which is placed in the upper part 
of the refrigerator melts and thus absorbs heat 
from the air in contact with it. This air, being 
now heavier than the remainder of the air in the 
refrigerator, sinks through the openings in the 
bottom of the ice chamber and forces the warmer 
air upward. This warmer air is in turn cooled by 
the ice, and the process of circulation thus con- 
tinues. The cool air in passing downward comes 
in contact with the food and takes heat from it. The temperature to which 
the air and the food in the refrigerator can be cooled in this way depends on 
the temperature of the outside air and the manner in which the inside of the 
refrigerator is insulated from the outside air. If the walls of the refrigerator 
were made of materials which would allow no heat to flow into the refrigera- 
tor, the temperature of the inside of the refrigerator might be reduced to 
0°C. or 32°F. Some heat, however, always flows into the refrigerator, and 
this amount is greater when the temperature of the outside air is high, so 
that the temperature in the refrigerator is never as low as 0°C. 



Fig. 277. — A refrigera- 
tor. Convection currents 
control the temperature. 


306. Freezing Point of Solutions. — ^When a solid like salt or 
sugar is dissolved in water, the freezing point of the solution is 
lower than the freezing point of water. This is true of any liquid 
in which some substance has been dissolved. The freezing point 
of the solution is always lower than that of the pure solvent. 
When such a solution begins to freeze, it is only the solvent which 
freezes out. This makes the remainder of the solution more 
concentrated and lowers its freezing point still farther. This 
process continues until the solution becomes saturated. Then 
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both the dissolved substance and the solvent freeze out in such 
a way that the concentration of the solution remains unchanged 
during solidification. For solutions which are not too concen- 
tratedj the lowering of the freezing point is proportional to the 
concentration of the dissolved substance. 

Figure 278 represents the relation between the freezing point 
and the percentage of salt in a solution. Solidification begins 
at a lower temperature than the freezing point of the pure solvent. 
The freezing point decreases as the pure solvent freezes out, and 
the concentration of the solution thus increases. Curve AB 
shows the relation between the tem- 
perature and the concentration of the 
salt in the solution. If this process is 
continued long enough, the temperature 
at which the solvent freezes out finally 
becomes constant. At this tempera- 
ture, the solvent and dissolved substance 
freeze out simultaneously as a mixture 
of two solids. The temperature at 
which the solvent and the dissolved 
substance crystallize out as a mixture 
is called the eutectic temperature. 

If the temperature of the solution is higher than the eutectic 
temperature and the solution is saturated, the dissolved substance 
will crystallize out as the temperature is lowered, and the line 
BC will represent the relation between the temperature and the 
concentration. Along this curve, pure salt separates out from 
the solution. When the eutectic temperature is reached, both 
salt and solvent will crystallize out together as a mixture, and the 
freezing point vdll remain constant until the whole mass has 
solidified. 

307- Freezing Mixtures. — In making ice cream it is necessary- 
to lower the temperature of the cream in the freezer somewhat 
below the temperature of melting ice. In order to produce such 
a temperature, it is customary to prepare a mixture of ice and 
salt. The usual proportion of salt to ice is 1 part of salt to 3 
parts of ice or snow. This mixture has a lower freezing point 
than pure ice has. With this noixture it is possible to reach a 
temperature of — 6°F. Other substances besides salt may be 
used for this purpose, but salt is the most convenient. 



20 ~A0 60 80 

per cent 

Fig. 278. — Freezing points 
of solutions of different con- 
centrations. 
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Problems 

1. A specimen of copper with a mass of 400 g is heated to 220''C and 
placed on a mass of ice. If 100 g- of ice is melted, what is the specific heat 

2° Adhere of iron weighing 180 g- is heated in an oil bath and then 
placed on a block of ice, causmg 48 g. of ice to be melted. What was the 

temperature of the iron? ■ . ^ r j • 

3 An experiment on the heat of fusion of ice is to be performed in a room 
at 18°C The mass of water in the calorimeter is to be 2o0 g., and the 
quantity of ice to be melted is 40 g. It is desired to have the mitia em- 
perature of the water as much above room temperature as the final tem- 
perature will be below. What must be the initial temperature? (Neglect 

the heat capacity of the calorimeter.) • j +„ >,o!,+ fi ik nf 

4 Find the number of British thermal units required to heat 6 lb of 
ice from a temperature of 12“F. to the melting point, melt it, and then heat 
the water to the boiling point. Specific heat of ice - 0.5. 

6. Water produced by melting ice comes from a refrigerator at a tempera,- 
ture of 45°F. and the quantity obtained in 2 hr. is 7 lb. How many British 
thermal units of heat penetrate the walls of the refrigerator per hour. 
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VAPORIZATION 

308. Evaporation.— The molecules of a liquid are in constant 
motion with varying velocities. VTien the liquid is heated, the 
velocities of the molecules are increased and the spaces between 
the molecules are increased. Sooner or later, some of these 
molecules which are near the surface of a liquid move with suffi- 
cient velocity to escape from the surface (Fig. 279) and leave the 
neighboring molecules. Only the more rapidly mo\dng molecules 
will escape, as the forces of 
attraction due to the other 
molecules will be sufficient to 
hold the more slowly mo\dng 
molecules in the liquid. Those 
molecules which escape from 
the surface of the liquid move 
about in the space above the 
liquid. Since it is only the 
more rapidly moidng molecules 
which escape from the surface, 
the average speed of the mole- 
cules in the Hquid will decrease and the temperature of the hquid 
will drop during the evaporation. 

309. Saturated Vapor. — If the space above the surface of the 
liquid is enclosed, some of these particles will again return to the 
surface of the liquid and be held fast. As more and more mole- 
cules escape from the surface of the liquid, the number returning 
to the surface will also be increased. When the number of 
molecules m the space above the liquid has become so great 
that the number of molecules escaping from the surface of the 
liquid is just equal to the number returning to it, the space above 
the hquid will not gain more molecules at the expense of the 
hquid. The space above the hquid is then said to be saturated. 
The vapor which is above the hquid is called a saturated vapor. 
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(a) (b) Cc) 


Fig. 279. — Evaporation of liquids. 
For saturated vapor the number of escap- 
ing molecules per unit of time is just 
equal to the number returning in unit 
time. 





280 


TEE ELEMENTS OF PHYSICS 


If the temperature of this vapor remains unchanged, it is not 
possible to increase the pressure on it. When an attempt is 
made to increase the pressure on a saturated vapor, the vapor 
condenses and changes into liquid. The vapor pressures of dif- 
ferent Hquids (Fig. 280) are not the same at a given temperature. 

310. Vapor-pressure Curve. — If a curve is plotted between 
temperatures as abscissae and the corresponding pressures of a 
saturated vapor. Fig. 281 is obtained. 
This curve shows the pressure of the 
taper vapor at each temperature. As the 
^ temperature of the liquid 'increases, 

vapor 

'•Ether 
vapor 


A B C D 


Vacuum- 



Fig. 280. — Vapor pressure 
of liquids. The lower the 
boiling point, the greater the 
vapor pressure at a given 
temperature. 


Fig. 281. — Vapor-pressure curves 
for water, ether, ethyl alcohol, and 
methyl alcohol. At the boiling point 
the vapor pressure is 76 cm. of mercury. 
Boiling points are indicated by dotted 
lines. 


the pressure of the saturated vapor also increases. In the case 
of water, when the temperature has become 100°, the vapor pres- 
sure is 76 cm. of mercury. For any lower temperature the pres- 
sure is less. Whenever the temperature of the liquid is knovTi, 
the vapor pressure can be found from this curve. On the other 
hand, when the vapor pressure is known, the temperature at 
which the liquid has this pressure is obtained from this curve. 
Such a vapor-pressure curve is obtained by observing the differ- 
ence in level between the surfaces of mercury (Fig. 282) as the 
temperature is increased. 

311. Heat of Vaporization. — Just as a certain amount of heat 
is required to convert a gram or a pound of ice into water without 
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(‘hanging its temperature, so a certain amount of heat is required 
to change a gram or a pound of water 
into steam without changing the tem- 
perature. When the steam condenses, 
this heat is again liberated and becomes 
available for heating other bodies. The 
quantity of heat required to cause the 
liquid to become a vapor depends on 
the temperature at which the change 
takes place. The heat of vaporization 
is, therefore, said to vary with the tem- 
perature. The higher the temperature, 
the easier it is to cause the liquid to 
become a vapor; that is, the higher 
the temperature, the less the heat of 
vaporization. 

The heat of vaporizatioii is defined to 

be the heat necessary to change 1 g. of f pressure. As the 

^ temperature increases, the 

the substance from the liquid to the height of the mercury in 

vapor state without any change in the increases. 

temperature. For water at 100°C., it is found to be 538.0 cal. 



Fig. 282. — Measurement 



Fig. 283. — Heat of vaporization. The rise of the temperature of the liquid in the 
calorimeter measures the heat of vaporization. 


That is to say, it takes more than five times as much heat to 
change 1 g. of water at 100°C. into steam at 100°C. as it takes to 
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heat that same gram of water from 0 to lOO'^C. For other tem- 
peratures the heat of vaporization of water is given in Table 
YIII page 770. 

To determine the heat of vaporization of water, take a calorimeter C 
(Fig. 283) filled -vidth a known weight of water, and a boiler B partly filled 
with water. Pass dry steam from the boiler into the calorimeter. In 
order to prevent water from being carried over, the steam passes through 
the trap D w^hich catches the condensed steam. Note the temperature 
of the water in the calorimeter at the beginning and its temperature after a 
known quantity of steam has been condensed in it. The amount of con- 
densed steam is found by weighing the calorimeter after the steam has been 
condensing in it for a sufficient time to produce the desired rise in tempera- 
ture. The latent heat of vaporization of steam can now be calculated. 

Let L = the heat of vaporization. 

t = the temperature of the steam. 

t' = the initial temperature of the water in the calorimeter. 

T = the final temperature of the water in the calorimeter, 
m = the mass of the steam condensed. 

M ~ the mass of the water in the calorimeter. 

C = the water equivalent of the calorimeter. 

Heat liberated by condensation of steam = mL. 

Heat liberated by cooling condensed steam from temperature t to T ^ 
m{t - T) X 1. 

Heat given to calorimeter = C{T — t'). 

Heat given to water = M {T — f) X 1. 

Heat lost = heat gained. 

Hence, 

mL + m(t - T) X 1 = M{T - f ) x 1 4- C{T - t'). 

L - C{T ~ t') - m(t -T) XI 

m 

Example. — Mass of steam condensed = lb. 

Initial mass of water in calorimeter = 6.8 lb. 

Initial temperature of water in calorimeter = 42 ®P. 

Final temperature of water in calorimeter = 82°F. 

What is latent heat of steam in British thermal units? 

Heat gained by water in calorimeter 

= mass of water X change in temperature X sp. heat of water 
- 6.8 X (82 - 42) X 1 = 272 B.t.u. 

Heat lost by condensed steam in cooling from 212 to 82°F. 

= mass of steam X change in temperature X sp. heat of water 

= I X 130° X 1 = 32.5 B.t.u. 

Heat lost by steam in condensation = mass of steam X latent heat 

= l XL B.t.u, 

4 
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Hence, 

1 X 1 -+ 32.5 = 272. 

\l = 239.5. 

4 

L — 958 B.t.u. per pound. 

Correct value = 966 B.t.u. per pound. 

312. Cooling by Evaporation. — In considering the heat of evaporation, it 
was seen that in order to cause 1 g. of liquid to change into the vapor state, 
it was necessary to supply a certain quantity of heat known as the heat of 
vaporization. If the liquid is evaporating, this heat will be taken from the 
remaining liquid and the surrounding bodies. The withdraw'al of this heat 
from the surrounding bodies will cause their temperatures to decrease. 
For this reason the evaporation of the w^ater sprinkled on the sidew^alk 
causes the air to become cooler, and the evaporation of perspiration cools 
the body and makes sunstrokes less likely. 

313. Evaporation from Soils. — If one of two soils which are exactly alike 
in their composition and structure is kept continuously w^et so that large 
amounts of w^ater are evaporating from its surface, while the other is kept 
as dry as possible, it' wdll be found that the former soil is much cooler than 
the latter because of the fact that the heat necessarj" to evaporate the winter 
is absorbed from the soil, and the temperature is thus low’ered. It often 
happens that in the spring differences of temperature of as much as 12°F. 
are observed in soils on account of differences in drainage. Since clay soils 
retain the moisture better than sandy soils, there wull be a difference in the 
temperatures of two such soils which are equally w^ell drained. 

The amount of evaporation from soils may be much decreased by cover- 
ing the soil with some sort of protective coating as straw or dead leaves. 
Repeated shallow^ plow^ing by which a few* inches of loose soil are abvays kept 
on the surface is very effective and is much follow’ed in hot climates. 

314. Evaporation from Leaves. — Evaporation takes place from the 
leaves of a growling plant whenever the amount of energy received from 
the sun and the state of the drjmess of the atmosphere are such that winter 
can be changed into vapor. 

315. Boiling Point of Water. — ^Fill a flask half full of water and 
insert a thermometer in one of the holes in the stopper. In the 
other hole insert a short glass tube through which the steam may 
escape. Heat the flask over a flame until the water boils. By 
reading the thermometer from time to time, it will be found that 
no matter how rapidly the heat is applied, the temperature does 
not rise above 100°C. It will be noticed that at a certain tem- 
perature bubbles forming at the bottom of the flask rise to the 
surface, growing in size as they rise. That temperature at w'hich 
the bubbles begin to reach the surface of any given liquid is called 
the boiling point or the boiling temperature. 
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The boiling point can be defined in another way. The pressure 
on the surface of the liquid is the pressure of the atmosphere. 
This pressure is, according to PascaFs principle, exerted through- 
out the liquid. Hence, the pressure which a bubble of vapor 
inside the liquid must sustain is also equal to atmospheric pres- 
sure plus the hydrostatic pressure due to the weight of the liquid 
above it. Until the pressure of the vapor in the bubble becomes 
as large as atmospheric pressure, the bubbles will collapse before 
they reach the surface of the liquid. The boiling point can then 
be defined as the temperature at which the pressure of the satu- 
rated vapor of the liquid is equal to the pressure of the atmosphere 
on the surface of the liquid. 

316. Effect of Pressure on the Boiling Point. — Since the boiling 
point of a liquid is the temperature at which the vapor pressure 
of the liquid is the same as the outside pres- 
sure on it, it follows at once that when the 
outside pressure is changed, the boiling 
point will also change. This is easily 
understood if we recall that ordinarily the 
pressure of the atmosphere is about 15 lb. 
to the square inch. If this pressure is de- 
creased, it will not be necessary to raise the 
temperature so high in order to allow the 
bubbles to form. When the pressure is 
raised, it will be necessary to raise the tem- 
perature still higher in order to produce 
bubbles. The bubbles will form only when 

Fig. 284.— The boiling the pressure of the vapor in the bubble k 
relfotbJTthf pressure pressure on the surface of the 

above the liquid. liquid. 

The influence of pressure on the boiling point can be shown by filling a 
flask (Fig. 284) half full of water and boiling it vigorously for some time to 
remove the air from above the water. Insert a rubber stopper in the flask, 
rendering the flask air-tight. Remove the flask immediately from the flame. 
Invert the flask and pour cold water on the bottom. This cold water will 
cause some of the vapor in the flask to condense, and the pressure on the hot 
water in the flask will be reduced sufficiently to allow the water to begin 
boiling again. The effect of pressure on the boiling point is also seen 
in Fig. 285. The water under the bell jar boils at a lower and lower 
temperature as the air is more and more removed from the jar. 
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On the top of high mountains the atmospheric pressure is less 
than at the base. The temperature to which the water can be 


OhssbeU jan 



Fig. 285. — Evacuation of the bell 
jar causes the liquid to boil at room 
temperature. 



Fig. 286. — Change of boiling point 
•with barometric pressure. At high 
altitudes boiling points are below 
normal. 


raised before it boils will be lower on such mountains than at 
their bases. For this reason, vegetables 
like potatoes will cook more slowly at high 
elevations than at sea level. If the altitudes 
are very high, it may be impossible to cook 
such vegetables in open vessels because a 
sufficiently high temperature cannot be 
reached in this way. 

In Fig. 286 is shown a curve giving the 
relation between the barometric pressure 
and the boiling point of w'ater. The pres- 
sures have been plotted on the vertical axis 
and the temperatures on the horizontal axis 
(see tables on pages 768 and 769). 

The effect of pressure on the boiling point of 
water is well illustrated in the action of geysers 
(Figs. 287 and 288). 

317. Pressure Cooker. — In canning and also in 
cookiag meats, it is often desirable to cook at tern- burner 

peratures higher than 100°C. Pressure cookers are ^ig. 287. The pres- 

used for this purpose. They are essentially small sure due to the weight 
closed steam boilers (Fig. 289) provided with a of the water raises the 
pressure gauge and a safety valve. As the tern- 
perature of the water in the cooker is raised, the 

pressure of the water vapor increases just as in the ordinary steam boiler. 
By continuing to increase the temperature of the water, any desired pressure 
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mav be developed in the boiler. In this way, any desired temperature can 
be obtained in the cooker so that foods may be cooked at temperatures 
above the boiling point of ^yater under atmospheric pressure. The safety 
valve is adjusted to release at any pressure above that desired in the cooker. 



Tig. 288. Fig. 289. 

Fig. 288. — Union Geyser, in the Shoshone Basin, erupts from three sinter cones 
simultaneously. The highest jet reaches an altitude of 1 14 feet. The intermittent 
flow arises from a periodic increase in the pressure and the temperature of the 
water. (Courtesy Cariiegie InstiHition of Washington.) 

Fig. 289. — Pressure cooker. Higher pressures mean higher temperatures. 

The pressure gauge indicates the pressure in the cooker in excess of the 
atmospheric pressure. 

318. Vacuum Pans. — In many cases, substances which are to be vaporized 
are injured by heating to their normal boiling point. Such is the case with 


Moisiure, 



Warm Air 

Fig. 290. Removing the moisture from milk by the circulation of warm air. 

sirups or milks. These liquids must then be evaporated at temperature 
below their normal boiling points. In order to accomplish this, use is made 
of vacuum pans which operate on the principle that by reducing the pressure 
on the liquid, its boiling point may be lowered to some desired temperature. 
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These pans, which are used in the manufacture of condensed milk, con- 
sist essentially of a closed boiler from which the air can be removed to any 
desired extent. As the pressure of the air on the liquid is reduced, the boil- 
ing point is lowered and evaporation takes place at these low temperatures 
without heating the liquids to the higher temperatures which would be 
necessary under atmospheric pressure. By this evaporation the water 
contained in the milk or in the sirup is removed, and the solid matter 
remains behind in the pan. Figure 290 shows another way by which the 
water may be removed from the milk and the powdered milk left behind. 



319. Boiling Point of Solutions. — Wlien water has some foreign 
substance like sugar dissolved in it, the temperature at which it 
boils is raised. The amount the 
boiling point is raised is propor- 
tional to the amount of the sub- 
stance dissolved in the water. In 
making candies or sirups, the tem- 
perature is taken as a means of 
determining the concentration of 
the solution. By observing the 
temperature at which the solution 
is boiling, it is possible to know 
when the candy or sirup has been 
boiled sufficiently long. When vegetables, fruits, meats, etc., are 
boiled in water, some of their contents dissolve in the 'water. 
This raises the boiling point slightly, so that the water boils above 
212°F. The effect of a dissolved substance on the vapor pressure 
and the boiling point is shown in Fig. 291. The continuous curve 
gives the relation between the temperature and the vapor pres- 
sure of the pure solvent, and the dotted curve the same relation 
for the solution. 


Fig. 291. — Boiling points of solu- 
tions. The addition of salts raises 
the boiling point. 


320. Distillation. — When solids, like salt or sugar, are dissolved in liquids, 
the vapor which rises above the liquid does not contain any of the dissolved 
substance. In order to obtain pure water from water containing solids in 
solution, it is ordy necessary to evaporate the water first and then condense 
the vapor. The solids which were in solution will be left behind in the 
vessel. The way in which this is ordinarily done is represented in Fig. 292. 
Pure water vapor rises from the water w^hich is being boiled in the flask D. 
This vapor passes into the tube A where it is condensed by the water flowing 
in the tube C.- The condensed water drops into the vessel placed under the 
end of the tube A. In the manufacture of sugar, it is* the solid sugar in 
solution which is of interest. The sugar would remain behind in the flask. 
It is not necessary in this case to condense the water vapor which rises from 
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the flask or vessel containing the solution. The lower the pressure, the 
lower the temperature at which the boiling takes place. In case it is not 
desired to heat the solution to the normal boiling point, the space above the 
liquid in the flask is kept exhausted by means of an air pump, as previously 
stated in the discussion of vacuum pans. 



Fig. 292. — Distillation of liquids. The more volatile liquids evaporate first, 


321 . Household Still. — Where it is desirable to have distilled water in the 
household, a form of still shovm in Fig. 293 may be used. Water from the 
boiler B which is located on the stove is vaporized. The vapor passes into 
the condenser /, On the inside of this condenser, there is a hollow tube N 
through which a current of cold water is flowing continuously. By this 


DfsHHed-., 

wafer 



S3 -Boiler 


Fig. 293. — Household still. 
Water is purified by distilla- 
tion. 


means, the vapor is condensed and drops to 
the bottom of the condenser from which it 
may be taken through the tap jR. 

322. Sublimation. — If a substance, 
like solid camphor or solid iodine, be 
left for some time in a closed vessel, the 
sides of the vessel become covered with 
smaU crystals of the substance. This 
is due to the fact that vapor which is 
given off by the solid is afterwards con- 
densed on the sides of the vessel. Thh 
formation of vapor directly from a solid 
without passing through the liquid 
state is called sublimation. In like 


manner, the vapor may go directly from the vapor state to the 
solid state without passing through the liquid state. For most 
solids, the vapor pressure is nearly zero at ordinary temperatures, 
but in many cases the sense of smell tells us that some vapor is 
being given off. For ice at 0°C., the vapor pressure is 4.6 mm. 
of mercury; but as the temperature decreases, the vapor pressure 
becomes smaller. 
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The heat oi subiiinatioii is the heat iieeessary to change aiie gram 
of the substance from the solid to the vapor state without change 
of temperature. A vapor-pressure curve sliowing the t'apor pres- 
sure when a solid is in equilibrium with its vapor may be plotted 

fur this case as for the case of a liquid in r^g-j ^ 

equilibrium with its vapor. Such a \ | 

curve may be called a sublimation curve. irL Li ^ id A 

323. Triple Point. — It has been seen u Vl: i-T£iiLJ ^ 

that, under certain conditions of tern- "0^ — — 

perature and pressure, a liquid may be ^ 

in equilibrium with its vapor. On a 
temperature-pressure diagram these T~ 

conditions are represented by a curve — — 

called the vapor-tension curve. It was 294.™The triple point, 

also seen that, under suitable COndi- Liquid, vapor, and solid are in 
tions, a solid may be in equilibrium at the triple point. 

\\dth its vapor, and that these conditions are represented by the 
sublimation curve. In like manner, a curve may be drawn show- 
ing the relations between the temperatures and pressures at 
which a solid is in equilibrium wdth the liquid. If all of these 
curves are drawn for a substance like water (Fig. 294), they 

intersect at a point which is called 
, ^ the triple point. It indicates the 

temperature and pressure at which 
i ^ the solid, vapor, and liquid can exist 

j; together without one of them gaining 

5 1 in mass at the expense of the others. 

S \ At this temperature and pressure, 

^ ^ the solid, liquid, and vapor are in 

I equilibrium. There is only one such 

{ point for a simple substance like 

i f V 0 I u m e G water. For water this point is at a 

l^apor m\< pressure of 4.6 mm . of mercury and 

^ If at B. temperature of 0. 0076^^0. 

Fig. 295.— Isothermal of water 324. Xhe Critical Point — If a 
and its vapor. . , 

vapor IS enclosed m a cylinder HtJbh 
(Fig. 295) and the piston ilf forced in while the temperature 
of the vapor remains constant, the pressure of the vapor at 
first increases as the volume is decreased. The relation between 
the pressure and the volume is represented by the curve AB, 
When the volume and pressure corresponding to the point B are 


V 0 1 u me G 

Vapor M \ < 

F ff 

Fig. 295. — Isothermal of water 
and its vapor. 
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reached, the pressure of the vapor ceases to increase, and liquefac^ 
tion begins, xls the piston is forced in still farther, the quantity 
of vapor decreases and the quantity of liquid increases. This 
continues at constant pressure until the volume corresponding 
to the point C is reached where liquefaction is complete. A fur- 
ther application of pressure to the piston causes a small decrease 
in the volume of the liquid, and the curve CD representing 
the relation between the pressure and the volume of the liquid 
becomes very steep. The whole curve ABCD is an isothermal 

which shows the relation between 
the volume and the pressure 
when the temperature is kept 
constant. 

If this process be carried out 
at higher and higher tempera- 
tures (Fig. 296), the horizontal 
part of the curve becomes shorter 
and shorter until a temperature 
is finally reached at which the 
horizontal portion disappears 
and is replaced by a slight bend 

^ ^ I i ^ ® in the curve. At a temperature 

Specific volume • x i • -x • n ^ ± 

Fig. 296.-Isothermals of carbon ^elow this, it IS possible tO 

dioxide. Only the vapor can exist liquefy the vapor by the appli- 
above the critical temperature. of pressure alone; but at 

temperatures above this, it is impossible to liquefy the vapor by 
the application of pressure; however great that pressure. This 
highest temperature at which it is possible to liquefy a vapor by 
the application of pressure is called the critical temperature. The 
point P (Fig. 296) at which the horizontal part of the isothermal 
just disappears is known as the critical point. The pressure and 
specific volume of the vapor at the point P are known as the 
critical pressure and critical volume, respectively. 

The isothermals drawn in Fig. 296 refer to carbon dioxide. Its 
critical temperature is 31.1°C. and its critical pressure 77 atmos- 
pheres. Above this critical temperature, carbon dioxide cannot 
be liquefied by the application of pressure. If the carbon dioxide 
vapor is at a temperature higher than 31.1°C., its temperature 
must be lowered as well as its pressure increased to produce 
liquefaction. 
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326. Transition through the Critical Point.— If a heavy-walled 
glass tube (Fig. 297) closed at both ends is partly filled with, 
liquid carbon dioxide, the remainder of the tube being filled with 
the saturated vapor of carbon dioxide, for any temperature there 
is equilibrium between the liquid and its vapor. As the temper- 
ature of the tube and its contents is increased, the volume of the 
liquid carbon dioxide increases and the volume of the saturated 
vapor decreases. The mass of the liquid, however, decreases 
while the mass of the saturated vapor increases. 

The densit}’' of the vapor increases and the density 
of the liquid decreases. The pressure exerted by 
the vapor also increases. As the temperature is 
raised more and more, the meniscus marking the 
boundary between the liquid and the vapor becomes 
more indistinct and finally disappears. The tube 
is now filled with a homogeneous substance. At 
this point, it is impossible to distinguish between 
the liquid and vapor states. That temperature at 
which the meniscus disappears is the critical 
temperature. 

When the temperature is again decreased, a hazy 
cloud forms in the upper part of the tube, the 
meniscus or boundary between liquid and vapor 
reappears, and there are now again two states, 
liquid and vapor, in the tube. For carbon dioxide 
the temperature at w’-hich the meniscus disappears 
is 31.1°C., and the pressure exerted by the saturated 
vapor is 77 atmospheres. 

The beha\dor of the density of the liquid and 
vapor carbon dioxide is shown in Fig. 298. In this 
figure, the densities of the vapor and liquid have been plotted as 
functions of the temperature. It is observed that at the point 
P, where the temperature is 31.1°C., the two densities have 
become equal. With lowering temperature, the density of the 
liquid increases and that of the vapor decreases. Near the critical 
point P, the change in the density of both the vapor and the liquid 
is very rapid. This makes the accurate determination of the 
critical volume diJEcult. 

326. Liquefaction of Gases.— To liquefy a gas, it is necessary 
to cool it below its critical temperature and then apply to it 


Fig. 297 .— 
The surface of 
separation dis- 
appears at the 
critical point. 
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sufficient pressure to produce liquefaction. Most of the so-called 
permanent gases have low critical temperatures and require the 


application of large pressures. 

!.0r 



10 15 20 ‘25 30 

Temperature, degrees 
Fig. 298. — Densities near the critical 
point. Vapor and liquid have the same 
density at the critical point. 


The necessary pressures are 
obtained by means of pumps 
which compress the gas to 
be liquefied in three or four 
stages, so that the final pres- 
sure is between 170 and 200 
atmospheres. 

Different methods have been 
used to produce the necevssary 
lowering of the temperature to 
bring the gas below its critical 
temperature. The most com- 
mon of these is the regenerative 


process. It is based on the fact that gases cool on expansion 
(Sec. 297). The gas, having been compressed to about 200 
atmospheres by means of the air pump A (Fig. 299), is led through 
the cooling bath B to the liquefier C. The liquefier, consisting 


200 Afmospheres cold 



Fig. 299. — ^Liquid-air apparatus. Temperature must be lowered and pressure 
raised to liquefy air. 


essentially of three concentric copper pipes or tubes, F, and H, 
is usually wound in the form of a compact spiral. The air passes 
from the central tube ¥ through the valve L, and its pressure is 
reduced from 200 to 16 atmospheres. This expansion cools the 
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gaj 5 . Part of it flows upward through G and furtiier cook tiic 
stream of air flowing downward in F. This air, then, flows back 
through I to the pump A where it is again compressed. Tht^ 
remainder of the air which has escaped through the valve L flows 
directly through the valve M, and its pressure decreases from 16 
to 1 atmosphere. By this second expansion, its temperature is 
still further decreased. The air thus passing through the valve M 



Freezing 

Boiling 

Critical 

Name of gas 

point, 

point, 

tempera- 

degrees 

degrees 

ture, degrees 


centigrade 

centigrade 

centigrade 

Helium . . . 

-272.0 

-268.8 

-268.0 

Hydrogen 

-259 .U 

-252.7 

-234.5 

.\rgon 

-188.0 

! -186.0 

-117.4 

Nitrogen. 

-210.0 

-195.7 

-146.0 

Oxygen. . . 

-219.0 

-182.9 

-118.0 


rises through the tube H and is led from J back to the pump D 
where it is recompressed. The air rising through the tube H 
cools the air flowing upward in G, This progressive cooling con- 
tinues until the cooling of the air in passing the needle valve M 
causes part of the air to be liquefied. This liquefied air collects 
in the Dewar flask K, and the remainder is led from J back to 
the compressor D. 

The table on this page shows the freezing point, boiling point, 
and critical temperature of some of the common gases. 

Problems 

1. A condenser receives steam at 100°C. and changes it to water at 4o®C. 
The cooling is done by water which enters at 15°C. and leaves at 45°C. 
How much cooling water is required for each kilogram of steam condensed? 

2. How much steam at 150°C. will be needed to turn 120 g. of ice at —15'' 
to water at 40°C.? Specific heat of ice = 0.5, specific heat of steam = 0.48. 

3. What will be the final state and temperature of a mixture of 200 g. of 
ice at 0°C.; 300 g. water at 40°; 50 g. steam at 100°? 

4. A steel sphere with a mass of 162.82 g. is placed in an atmosphere of 
steam at 100°C. and after reaching equilibrium is weighed with the water 
condensed on it. The observed weight is 164.04 g. What was the original 
temperature of the sphere? 

6. A sterilizer is filled with steam at a gauge pressure of 25 lb. per square 
inch. The gauge reads 0 at atmospheric pressure. What is the approxi- 
mate temperature of the sterilizer? 
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6 A. thermometer is placed in live steam at atmospheric pressure when 
the barometer stands at 740 mm., and the thermometer indicates 9S.9=C. 
What is the error of the thermometer in degrees? 

7. Into a copper calorimeter which weighs 200 g. there is passed 18 g. of 
^team at loO^C. The calorimeter contains 200 g. of water and a certain 
amount of ice. The ice and water were at 0°C. The final temperature was 
35°C. How much ice was in the calorimeter? ^ 

8. Ten grams of steam at a temperature of 100°C. were passed into a 
calorimeter containing a given amount of water. The initial temperature 
of the water was 12°C., its final temperature 38°C., and the mass of the 
calorimeter was 250 g. Find the mass of the water in the copper calorimeter. 

9. Find the temperature of a sterilizer when filled with steam, if the 

pressure indicated by the gauge is 30 lb. per square inch. Assume the gauge 
reads zero when the pressure is 1 atmosphere. ^ 

10. One thousand grams of steam superheated to 170°C. was introduced 
into a calorimeter in which there was a piece of ice weighing 4,o00 g. If the 
copper calorimeter containing the ice weighed 1,500 g. and was at the same 
temperature as the ice, what was the final temperature of the water in the 
calorimeter? Specific heat of steam is 0.48 cal. per gram and that of ice 
0.50 cal. per gram. Assume the temperature of the ice is 0®C. 
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ATMOSPHERIC HUMIDITY 

327. Water Vapor in the Air. — If a jar filled mth water is left 
open, the water evaporates after a time. The molecules of water 
escape from the surface and pass off into the air where they move 
about freely just as the molecules of air do. The molecules of 
vapor strike each other and also strike molecules of air. In this 
irregular motion, the molecules of vapor may occasionally strike 
the surface of the liquid and be held fast. Most of the molecules 
pass out of the jar and never return. VTien the temperature 
of the water is increased, the quantity evaporated in a given time 
increases. If the wind is blowing, it increases the rate of evapora- 
tion by decreasing the opportunity of the molecules to return 
to the surface of the liquid. 

If the w’ater is in a closed vessel, none of the molecules can 
escape and more of them will strike back into the liquid and be 
held fast. After a while the number which is held fast will be 
equal to the number which escapes in the same time. The air 
above the water in the vessel is then said to be saturated. The 
number of molecules necessary to saturate the air will depend 
on the temperature of the liquid, for the number of molecules 
which can escape from the surface of the liquid in a given time 
is greater at high than at low temperatures. Hence, the number 
of molecules of water vapor in air which is saturated is greater 
at high than at low temperatures. VTien warm saturated air 
is cooled, some of the water vapor condenses and reappears as 
water. The air will still be saturated, but not so much water 
vapor is necessary to saturate it. 

328. Clouds, Fog, Dew, Etc. — When the air above the surface 
of the earth is saturated and is then cooled, the water vapor in it 
forms minute drops about particles or ions which are present. 
As the air is still further cooled, these drops grow in size and 
fall to the earth as ram. If these drops in falling to the earth 
pass through a layer of air at a temperature below freezing, they 
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are frozen and fall to the earth as hail. If the temperature of 
the air is below freezing when the wmter vapor condenses from it, 
crystals are formed w’hich fall to the earth as snow. 

When the sun goes down at night and the surface of the earth 
begins to cool, some objects lose heat more rapidly than others. 
When warm moist air comes in contact with these objects, some 
of the moisture from the air is deposited. This moisture appears 
on the objects in the form of dew. If the air cools below the 
temperature at which it is saturated, moisture not only collects 
on objects but forms minute particles in the air. This collection 
of w^ater particles is called a fog. It does not differ from a cloud 
except that fogs are near the surface of the earth, and clouds may 
have any height above the surface. 

329. Dew Point. — ^The temperature to which it is necessarj^ 
to cool the air before condensation begins is called the dew point. 
This temperature may be found by partly filling a polished vessel 
with ether and then inserting in the stopper a thermometer and 
a tube through which air can be bubbled. The ether is made' to 
evaporate by blowdng air through it, and in the process of evap- 
oration it absorbs heat and cools the remaining ether and its 
containing vessel. By and by, a temperature is reached at which 
moisture begins to form on the surface of the containing vessel 
The temperature at which this deposit begins to form is called the 
dew point. The vessel is polished because it is easier to detect 
the formation of dew on a polished surface. 

330. Relative and Absolute Humidity. — It is often important 
to know the. degree of saturation of the air. On such information 
depends the likelihood of rain or frost, the proper growth of 
plants, and proper hygienic living conditions. The degree of 
saturation or relative humidity is defined as the ratio obtained 
by dividing the mass of moisture actually present in the air by 
the mass of moisture necessary to saturate the air at that tem- 
perature. Since the amount of water vapor is proportional to 
the pressure which it exerts, the relative humidity is also the 
ratio between the pressure of the water vapor in the air and its 
pressure if the air w^ere saturated at that temperature. 

Let t = the observed temperature of the atmosphere. 
t' == the dew point, 
p == the vapor pressure of water at t. 
p' = the vapor pressure of water at t' . 
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Ilieii 


Relative humidity = — ' 
P 


or 


Relative humidity = 


ma«s of water vapor per unit volume of 

air at observed temperature 

mass of water vapor per unit vohune of* 
air when saturated at same temperatun^ 


Example. — Find the dew point, when the relative humidity of the air in a 
room is 40 per cent and the temperature of the air is 25^C. 


Let p - the vapor pressure of water at 25° = 23.76 mm. of mercury. 
p' = the vapor pressure of water at the dew point. 

Relative humidity = — — 0.40. 

V 

p' — 0.40 X 23.76 — 9.504 mm. of mercur>\ 

This vapor pressure corresponds to about 10°C., as can be seen by referring 
to a table giving the vapor pressure of water. At 10°C. the air in the room 
would be saturated so that 10°C. is the dew point. 


The absolute humidity is the mass of water vapor per unit 
volume in the atmosphere at a given temperature. 

331. Measurement of Humidity. — For the measurement of 
the humidity of the air a number of different types of instruments 
is used. Some of these depend on the hygroscopic properties 
of hair or a thin fiat strip of some material. This type of instru- 
ment depends for its action on the property of a substance 
to absorb moisture from the air and to change its length on 
account of this absorption. This change in length is indicated 
by a hand which moves over a dial. On this dial, the words dry, 
moist, etc., are recorded, and the position of the hand on the 
dial is thus made to indicate the humidity of the air. These are 
very convenient but not very accurate instruments. 

The wet- and dry-bulb hygrometer (Fig. 300) is the simplest 
of the reliable instruments. It consists of two thermometers, 
one of which gives the true temperature of the air. The other 
thermometer is covered with a wet cloth and gives a temperature 
that varies with the rate of evaporation of the w^ater into the air. 
This wet bulb is generally kept moist by allowing the wick to dip 
into a cup of w^ater. The drier the air, the greater is the evapora- 
tion from the wet bulb and the lower the temperature w^hich is 
indicated by that thermometer. When the air is saturated, there 
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is no evaporation from the wet bulb, and both thermometers 
indicate the same temperature. A chart showing the relation 
between the relative humidity and the difference between the 
readings of the two thermometers must be used with this instru- 
ment. This chart must be prepared by a calibration of this kind 
of instrument under the conditions under which it is to be used. 
In Fig. 301 provision is made for w^hirling the thermometers. 



Fig. 300. Fig. 301. 

Fig. 300. — Wet- and dry-bulb hygrometer. Evaporation from the wet bulb 
lowers the reading of that thermometer. 

Fig. 301. — Psychrometer of XJ. S. Weather Bureau. "The rotation of the 
thermometer aids evaporation. {Courtesy of the Chicago Apparatus Company.) 

332. Chemical Hygrometer. — When it is desired to know the 
absolute humidity or the mass of water vapor in unit volume of 
the air, the chemical hygrometer is used. In this instrument 
(Fig. 302), a known volume of air is passed through a series of 
U-tubes which are filled wdth calcium chloride or some other 
substance W’-hich absorbs water vapor but does not absorb air. 
These tubes are weighed before and after passing the air through 
them. The increase in weight is the mass of water vapor absorbed 
by the substance in the tubes and is, therefore, the mass of water 
vapor originally in the volume^.of air which passed through the 
tubes. The amount of water vapor per unit volume is obtained 
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by dividing the water vapor absorbed in the tubes by the volume 
of air passing through the tubes. This result gives the absolute 
humidity of the air. It is expressed in grams per cubic centimeter 
or in pounds per cubic foot. 

333. Importance of Atmospheric Humidity. — The moisture in the air 
plays an important part in the health and comfort of everyone. It also 
has a marked effect on the physical conditions and behavior of many 
materials, such as wood, wool, and cloth. The lack of moisture often causes 
woodwork and furniture to become damaged. On the other hand, an 
excessive amount of moisture is just as serious. The low humidity which is 
often found in houses in winter is injurious to health. It seems a well- 



Fig. 302. — Chemical hygrometer. The water vapor is absorbed by the calcium 

chloride. 

established principle that the extremes of heat and cold are felt less and 
are less injurious where the humidity is low. In many forms of manufacture, 
it is necessary to control by artificial means the humidity in the factory. 
Thus, in the manufacture of bread or in the manufacture of cigars, it is 
desirable that the humidity remain constant and that it be neither too high 
nor too low. 

* 

Problems 

1 . A chemical hygrometer gains 0.14 g. in weight by having 6 1. of air 
at 18° passed through it. Calculate the absolute humidity of the air. 

2. How great is the pressure of water in a room at 20°C. if the humidity 
is 25 per cent? 

3 . Taking the density of water vapor at 10°C. as 9.3 g. per cubic meter, 
find the amount of water vapor which will be contained in a room which is 
saturated at 10°C., if the room has a volume of 1,000 cu. m. 

4 . A room is 8 m, long, 6 m. wide, and 3 m. high. The temperature is 
20°C. How much water must be evaporated in the room to raise the 
relative humidity from 15 to 30 per cent? 

6. Air which is saturated at 75°F. rises vertically until its volume is 
doubled. At the same time, its temperature decreases until it is 38°F. 
Find the number of grams of water which will be condensed out of each 
cubic meter of the air, measured at the original temperature and pressure. 

6. The relative humidity of an auditorium which has a volume of 600 
cu. m. is 20 per cent at the beginning of a concert and 65 per cent at the end 
of the concert. If the temperatur e of t he room is assumed to remain 24°C. 
throughout the concerhj^Jbow'TnSy ^ams’^o^jj^ater have been added to the 
room? 
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TRANSFER OF HEAT 


334. Convection. — The simplest way in which heat may be 
transferred from one place to another is by the motion of the 
heated substance. Such a movement of heat is known as convec- 
tion (Figs. 303 and 304). The movement of the heated substance 
depends in this case on the change in density 
which takes pifece when the substance is heated. S:g 
For example, when a gas or a liquid is heated, it ^ 

expands and becomes lighter than the cold gas 
or liquid. When water is heated in a vessel on Ei;S 
a stove, the liquid in the bottom of the vessel is | 

hotter than that on the top. The density at i 



Fig. 303. Fig. 304. 

Fig. 303. — Convection currents in a beaker. The less dense liquid rises. 
Fig. 304. — Convection currents in connected vessels caused by the difference 
in density of the liquid at different temperatures. 


the bottom is less than that near the top. The cool liquid 
sinks down and forces the warmer liquid to a higher level. 
The currents of water thus set up in the liquid are known as con- 
vection currents. In case a block of ice is placed on the top of a 
vessel of warm water, the convection currents are reversed from 
what they were in the preceding case. 
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Consider the convection currents in a lake as winter approaches. 
The layers of water near the surface are finst cooled and these 
layers, being heavier than the lower layers, sink. Convection 
currents are set up which persist until all the water in the lake 
has been cooled to 4°C., the temperature at which the density 
of the water is greatest. A further cooling of the layers of water 
at the surface will make the water at the surface lighter than that 
at the bottom. Since in this case the lighter water is already at 
the surface, no convection currents will be set up. The colder 
water thus tends to remain at the sur- 
face. The deeper layers of liquid are 
thus protected from further cooling. 

This fact keeps the water some distance 
below the surface from becoming cold 
enough to destroy all forms of animal 
life in winter. 


North 

pole 



South X 
pole 

Fig. 305.- 


336 . Draft in a Stove. — The draft in a stove 
or a chimney is produced convection- The 
air in the neighborhood of the fire is heated 
and expands. It thus becomes lighter than 
the air higher up in the chimney or stove. 

The heavier air sinks and forces the lighter air 
up the chimney. Since there is a greater 
difference of pressure between the top and the 
bottom of a chimney when it is high than when 
it is low, tall chimneys draw better than low 
ones. Fig. 305. — Trade -winds are 

336 . Trade Winds (Fig. 305).— The trade caused by convection cur- 
winds which are found in regions a few degrees 

north and south of the equator are convection currents in the atmosphere. 
These winds blow in the same direction for a long time. They are produced 
by the considerable heating of the atmosphere in the neighborhood of the 
equator. This heated atmosphere rises and the colder atmosphere from 
the north and south of the equator flows in to take its place. If the earth 
did not rotate on its axis and if it were perfectly smooth, these winds would 
blow from the north toward the equator in the northern hemisphere and 
from the south toward the equator in the southern hemisphere. On account 
of the rotation of the earth, these currents are somewhat deflected. 

337 . The Hot-water Tank. — The hot-water tank (Fig. 306) is heated 
by convection currents in the water. The water in the portion of the heater 
which is within the stove becomes heated and rises to the top of the tank. 
Cold water comes in from the water mains and replaces the water which 
has risen after being heated. A continuous flow of water is kept up by this 
unequal heating. The direction of this flow is indicated by the arrows 
in Fig. 306. 



302 


THE ELEMENTS OF PHYSICS 


338. The Hot-water Furnace. — One of the best methods of heating a 
house is by means of a hot-water heating plant (Fig. 307). Such a plant 
transfers heat from the furnace to the radiators by means of convection. 
The plant consists of a number of pipes holding water. These pipes sur- 
round the fire box and the water in them is heated and rises from the top 
of the furnace through a supply pipe to the radiator. The water loses some 
of its heat, cools, and thus contracts. The increase in density arising from 
this cooling causes the water to be heavier than the incoming water. It 



Fig. 306. — A range boiler for Fig. 307. — Hot-water furnace. The 
heating water. The circulation rising hot water is replaced by water cooled 
of the water is caused by con- in the radiators, 
vection currents. 

therefore sinks to the bottom of the furnace through the return pipe where it 
is again heated and the process is repeated. In order to take care of the 
excess expansion arising out of the expansion of the water in heating, an 
expansion tank (Fig. 307) is provided. This tank is usually located in the 
attic at a height greater than the height of the highest radiator. 

339. Ventilating System. — In schools and homes, as well as elsewhere, a 
constant supply of fresh air is important for the health of those occupying the 
rooms. A common method of admitting cold air to rooms to produce 
ventilation depends entirely on convection currents in the air. The hot air 
enters the room through the radiator in the floor. The cold air enters 
through an opening in the side of the house. The cold air being heavier 
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than the warm air sinks to the floor, while the warm air rises to the ceiling. 
This provides a continuous circulation of air in the room. 

340. Radiator of a Gasoline Engine. — A gasoline engine, when in opera- 
tion, becomes very hot. The most common method of cooling the engine 
is by means of circulating water. The cylinder is surrounded by a hollow 
chamber filled with water (Fig. 308). In this water jacket the water is 
heated by contact with the hot cylinder. After being thus heated, the 
water rises through a pipe at the top of the cylinder and is replaced by cold 
water which enters through a pipe at the bottom of the water jacket. The 
hot water, after being cooled in the radiator, again passes around the circuit 
and serves again to cool the engine. 



Fig. 308. — Circulation of water in radiator of an automobile by natural and 
forced convection. 

341, Conduction. — When a metal rod is held in the fire, the 
heat travels along the rod and after a time the rod becomes too 
hot to hold. If a rod of wood or glass is held in the flame, the 
heat travels along it much less readily. In this process the heat 
which consists of the vibrations of the molecules of w^hich the 
body is made is handed on from molecule to molecule. The layer 
of molecules in contact with the fire is heated first and thus made 
to \T.brate more rapidly. This layer hands the motion on to the 
adjacent layer, because each layer is bound to the adjacent layer 
by certain cohesive forces. It is thus impossible for the molecules 
in one layer to vibrate without setting the molecules in the neigh- 
boring layers in vibration. As this process goes on, the entire 
medium is heated after a time. When heat, as in this case, is 
transferred from one part of the body to another without any 
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progressive motion of the parts of the substance, the heat is said 
to be transferred by conduction. 

Steam pipes are covered with non-conducting substances 
(Fig. 309) to prevent loss of heat. 

Liquids are poor conductors of heat. This fact can be shown in the 
following way. Nearly fill a test tube with water. Into the water drop 
a piece of ice. Hold the ice at the bottom of the tube with a weight of some 
kind. By holding the top of the tube in the flame of a Bunsen burner the 
liquid on the top of the tube may be made to boil without melting the ice in 
the bottom of the tube. 

Let a spherical bulb filled with air be inserted in a stopper and the bulb 
then covered with liquid. The end of the tube to which the spherical 
bulb is attached is immersed in a beaker of wmter. If ether is poured on 
the top of the w’-ater and lighted, it will burn, but the air in the bulb will 



Fio. 309. — Covering of pipes to prevent loss of heat. The thermal conductivity 

of asbestos is small. 

not expand sufficiently to force any air out of the bulb through the water 
in the beaker. This experiment shows that a liquid like w^ater is a poor 
conductor. 

342. Measurement of Thermal Conductivity. — In order to 
study more carefully the law according to which heat is con- 
ducted, consider the case in which heat flows along a uniform 
bar whose ends are kept at uniform temperatures so that the fall 
of temperature in the bar remains always the same. The quan- 
tity of heat Q which will be conducted down this bar depends on 
the following relationships: 

1. The quantity of heat passing through the conductor in a 
given time is in direct proportion to the area of the conductor. 

In this case, just as in the case of a water pipe, the larger the area 
through which the flow takes place, the greater the quantity 
transferred. 

2. The quantity of heat is also directly proportional to the 
difference in temperature between the ends of the bar. This 
difference in temperature may be compared to the difference in 
^essure which forces the water through the pipe. INTo flow' of 
water occurs unless there is a difference in pressure, and the 
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greater the difference in pressure the greater the flow. Likewise, 
in conduction there is no flow of heat unless there is a difference 
in temperature between the ends of the bar; and the greater this 
differencej the greater is the flow of heat. 

3. The quantity of heat decreases as the length of the path or 
the distance between the ends of the bar is increased. This is 
also analogous to the flow of water in a pipe in which it is found 
that the quantity of w^ater flowing is inversely proportional to 
the length of the pipe under a given set of conditions. 

4. The quantity of heat is directly proportional to the time of 
flow. 

These facts may be expressed compactly in the following 
equation : 

_ kA{t' - t)T 

where Q = the quantity of heat flowing through the bar. 

A = the area of cross section of the bar. 
d = the distance between the ends of the bar. 
r = the time during which heat flows. 
t' = the temperature of the hot end of the bar. 
t = the temperature of the cold end of the bar. 
k = a constant called the coefficient of thermal con- 
ductivity. (Appendix D-12.) 

The physical meaning of the coeflScient of thermal conductivity 
is seen by considering a special case in which it is assumed that 
the area of cross section of the bar = 1 sq. cm. ; the length of the 
bar = 1 cm. ; the difference in temperature between the ends of 
the bar = I'^C.; and the time = 1 sec. In this case, 

Q = k. 

Hence, k, the coefficient of thermal conductivity, may be defined 

as the quantity of heat which will flow through unit cross section 
of a bar in 1 sec. when the difference of temperature between 
the ends of the bar is 1°C. and the bar is 1 cm. long. 

In the metric system, 

calories per second X thickness in centi- 

Coefficient of ) meters 

thermal conductivity^ “ area of surface in square centimeters X 

temperature difference in degrees 
centigrade 
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In English system of units, 

Coefficient of ) B.t.u. per hour X thickness in inches 

thermal conductivity! area of surface in square feet X differ^ 

ence in temperature in degrees 
Fahrenheit 

An apparatus for measuring the coefficient of thermal conductivity is 
represented in Fig. 310. It consists of the copper rod AB, the coefficient 
of thermal conductivity of which is to be determined. This bar should be 



Fig. 310. — Method of measuring thermal conductivity. The heat flowing down 
the copper rod is absorbed by circulating water. 

about 30 cm. long and have a diameter of about 3 cm. On one end is 
soldered a copper box G through which steam may be passed to make the 
temperature of that end of the rod about 100®C- Over the other end of 
the rod is soldered a second copper box through which water is made to 
circulate from some supply of water at constant pressure. The temperature 
of this water as it enters this box is foimd by means of the thermometer Tz, 
and its temperature as it leaves the box is found from the reading of the 
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thermometer T4. The difference in temperature between the ingoing and 
the outgoing water multiplied by the weight of water gives the quantity of 
heat which has flowed down the rod. The boxes and the rod are carefully 
lagged with felt to prevent losses of heat. Two small holes drilled at right 
angles to the axis of the rod contain thermometers by which the fail of 
temperature in the rod is measured. From the distance between these 
holes and the readings of the thermometers in them, the fall in temperature 
per centimeter is at once obtained. 

Let ir = the weight of water delivered in T sec. 

Ts = the temperature of ingoing water. 

T 4 = the temperature of outgoing water. 

Ti = the higher temperature measured on the rod. 

T ‘2 — the lower temperature measured on the rod. 
d = the distance between the thermometers inserted in the holes 
in the rod. 

Q = W{Ti - Tz) = ~-^AT. 


Example. — In measuring the thermal conductivity of a rod, the following 
data were obtained. Find the coefficient of thermal conductivity. 
Temperature of ingoing water = 20.0®C. 

Temperature of outgoing water = 30.0°C. 

Higher temperature on rod = Ti = 80.0°C. 

Lower temperature on rod — T^ — 60.0°C. 

Area of rod == 20 sq. cm. 

Distance between thermometers ~ 10.0 cm. 

Weight of water flowing through box = 650 g. 

Time of flow = 3 min. — 180 sec. 

Heat gained by water = mass of water X temp, change X sp. heat 
= (650 X 10) X 1 = 6,500 cal. 

Temperature fall per centimeter = — = 2.0°C. per centimeter. 

rn rp 

Q = kA ‘ -T. 


6,500 = ifc X 20 ^ X 180 = i X 20 X 2 X 180. 
= 0.9 cal. per square centimeter per second 


20 X 2 X 180 7,200 ^ 

when temperature difference is 1°C. per centimeter. 


Problems 

1. Find the coefficient of thermal conductivity for asbestos paper if it 
is found that 116 cal. flow per minute through a slab 4 mm. thick and 20 
sq. cm. in area, when the temperature of one face is maintained at 100°C. 
and that of the other 36 °C. 

2. A refrigerator has in it a window wdth an area of 1.5 sq. m. If the 
window^ is 1.2 cm. thick and the inside temperature is 8°C., how' many 
calories per day are lost when the outside temperature is 30°C. ? 
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3 . How much water would be evaporated per hour per square foot bv 
the heat which flows through a boiler plate which is made of iron in 
thick, when there is a difference of temperature of 175°F. between the face,< 
of the plate? Coefficient of thermal conductivity of iron is 160 B.t.u. 

4 . Heat sufficient to evaporate 1.8 kg. of boiling water per hour passes 
through the aluminum bottom of a pan, 2 mm. thick and 250 sq. cm. in 
area, with a certain flame under the pan. What is the temperature of the 
bottom of the pan on the side next to the flame? 

5 . A boiler with a copper bottom which is 1.5 mm. thick rests on a hot 
stove. The area of the bottom of the boiler is 1,500 sq. cm. The water 
inside the boiler is at a temperature 100°C., and 0.75 kg. is evaporated ever}- 
25 min. Find the temperature of the lower surface of the copper bottom 
that is, the surface in contact with the stove. Thermal conductivity of 
copper is 0.91 cal. per centimeter per second. 

6. An iron bar has a length of 60 cm. and a cross section of 5 sq. cm. One 
end is kept in steam at 100°C. and the other in ice at 0°C. Neglecting losses 
due to radiation, find the number of grams of ice melted in 15 min. 

7. A glass window' has an area of 4 sq. m. and is 0.4 cm. in thickness. 
The outer surface is at 0°C. and the inner surface at 22°C. How much 
heat will flow through the window^ each hour? 
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RADIATION 

343. Transfer of Heat as Radiation. — A person sitting in front 
of a stove receives heat from the stove although the air in the 
room is cold. In like manner, sunlight falling on a body will 
warm it above the temperature of the surrounding air. This 
method of transfer of heat is distinguished from convection 
and conduction by the fact that the medium through which 
the transfer occurs is not heated. Thus, the earth receives 
great quantities of heat from the sun although the space which 
separates the sun from the earth is very cold. The fact that 
the earth receives such quantities of heat from the sun shows 
that this heat can pass through the empty space between the 
sun and the atmosphere which surrounds the earth. It is 
difficult to see how energy can be transferred from one object 
to another unless some medium connects these objects. For 
this reason it is often helpful to assume that there is a medium 
known as the ether which fills all space, even those portions 
of space which are occupied by ordinary matter. It is through 
this medium^ that the energy travels from the sun to the earth. 
This energy is assumed to travel as transverse waves in the 
ether. These waves travel from the sun to the earth. When 
they reach the earth, they cause the molecules of the body 
(jn which they fall to vibrate more rapidly, and the body is 
thus heated. This movement of heat from one place to another 
by means of waves in the ether is known as transfer of heat by 
radiation. These 'waves are similar to light waves and travel with 
the velocity of light. They do not heat the 'medium through 
which they pass, but they heat any substance on which they fall 
and by which they are absorbed. The transfer of heat by radia- 
tion is, therefore, a twofold process: the conversion of the heat 
energy of the hot body into a wave motion of the ether, and a 

^ In modern ph^^'sics, the hypothesis of an ether has been discarded but 
it is still a convenient way to describe many phenomena associated with 
radiation. 


309 



310 


THE ELEMENTS OF PHYSICS 


reconversion of the wave motion into heat by the body on which 
it falls. 

344. Exchange of ^|^ations. — ^All bodies whether cold or hot 
will radiate some heat. If the bodies are exactly alike in eve^ 
particular, the hot bodies will radiate more heat than the colder 
ones. Whatever the temperature and whatever the surround- 
ings, a certain amount of heat will be radiated by each body. At 
the same time, each body will be receiving heat from the neigh- 
boring bodies. Some of this heat will be absorbed and thus go to 
raise the temperature of the body absorbing it. Whether a body 
will decrease or increase in temperature under these conditions 
will be determined by the amount of heat which it radiates in 
comparison with the amount which it absorbs. If the amount 
radiated exceeds the amount absorbed, the temperature will 
decrease. If, on the other hand, the amount absorbed exceeds 
the amount radiated, the temperature will increase. If the heat 
radiated is equal to the amount absorbed, the temperature ^\ill 
remain unchanged. 

345. Character of the Radiating Surface. — ^The amount of 
heat radiated depends not only on the temperature of the body 
but also on the character and area of the radiating surface. 
Some surfaces are good radiators, while others are poor radiators. 
Generally surfaces which are rough radiate best, while polished 
surfaces are poor radiators. For example, lampblack is an 
excellent radiating surface as compared to other surfaces. This 
surface is such a good radiator that it is customary to regard 
it as a perfect radiator and use it as a standard of comparison 
for other radiating surfaces. The amount of heat radiated from 
a surface increases with the area of. the radiating surface. For 
this reason milk coolers are sometimes built of a series of hoUow 
disks. 

346. Absorption of Radiation. — The facility with which a 
surface radiates heat depends on the character of the surface. 
The same is true of the facility with which it absorbs heat. 
There is an intimate relation between the rate at which a surface 
radiates heat, and the rate at which the same surface under the 
same conditions absorbs heat. This fact is stated by saying that 
a good radiator of heat is also a good absorber of heat. In 
other words, surfaces which radiate slowly will also absorb 
slowly. A surface covered with lampblack is found to be an 
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excellent radiator. If this same surface is exposed to radiations, 
they will be readily absorbed by it. 


\ 


E 

\ 

G ^ 

V 

B 




347. Absorption of Radiations by Soils of Different Colors. — If sunshine 

falls on a number of bodies of different the amount which is 

absorbed by these bodies is determined largeh^^the color of the bodies. 
This fact has an important application in the temperature of soils. The 
amount of heat absorbed by a soil exposed to the solar radiation depends 
much on the color of the soil. 

If the same soil is mixed in one case wuth lampblack and in the other case 
with powdered chalk so that the one soil is black and the other is as white as 
possible, the black soil absorbs more radiation than the white one and for 
that reason becomes 10 or r2°F. hotter. On the 
other hand, at sunset w’hen radiation is no 
longer being received by the soils, the black soil 
will ordinarily lose its energy more rapidly than 
the white one and on this account cool more 
rapidly; an illustration of the fact that good 
absorbers of energy are also good radiators of 
energy. 

348. Absorption of Radiation by the Air. — 

The radiations emitted by the wmrm earth are 
almost completely absorbed by the moist atmos- 
phere above the earth. Hence, a moist atmos- 
phere above a portion of the surface of the 
earth prevents it from cooling by radiation. 

For this reason frosts occur only w^hen the air 
is clear. Since the humidity of the air is greater 
in the neighborhood of a body of water, there 
is less danger of frost in the regions which lie 
near bodies of water. 

One reason for the diminishing heating effect of the sun’s rays as the sun 
approaches the horizon is the fact that at the horizon the rays must travel 
through a greater layer of the earth’s atmosphere. There occurs in the 
atmosphere a considerable absorption of radiation, and the thicker the layer 
of air through which these rays travel the greater is the absorption. In 
Fig. 311 is showm a representation of the air surrounding the earth. From 
this figure it is seen that the nearer the sun is to the horizon, the greater is 
the thickness of the layer of air through which the rays pass and the greater 
the absorption. 



Fig. 311. — Absorption of 
radiation by the atmosphere. 
The greater the thickness of 
the atmosphere, the greater 
the amount of absorption- 


349. Reflection of Radiations. — ^The wave motion which con- 
stitutes radiation is reflected by certain surfaces in the same 
way in which light is reflected. The reflection of radiations 
from tw’o spherical mirrors is indicated in Fig. 312. The amount 
of radiation w^hich is reflected from a surface depends on the 
character of the surface. Polished surfaces reflect much of the 
radiation while rough or blackened surfaces reflect little. 



312 


THE ELEMENTS OF PHYSICS 


Surfaces which are good absorbers would, of course, be poor 
reflectors. In order to prevent a body from losing heat by radia- 
tion and to prevent it from gaining heat by absorption, it is often 
silvered. The surfag^ thus made into a mirror which reflects 
most of the radiation which falls on it. 



Fig 312 -Reflection of radiation by mirrors. The radiation is focused on the 

thermopile. 


360. Dewar Flask or Thermos Bottle.— A useful device for 
keeping things either hot or cold is the vacuum or thermos 
bottle (Figs. 313 and 314). This bottle is made up of one silvered 
glass bottle inside a second glass bottle which 
is also silvered. The space between the two 
bottles is free from air or any other gas. Since 
the space between the glass walls of the bottle 



Silvered 

surface 


Vacuum 


’Vacuum 


Fig. 313. J’ig- 31^ 

Fig. 313. — Dewar flask. Conduction and convection are reduced by evacua- 
tion. Radiation is reduced by silvering the surfaces. 

Fig. 314. — Thermos bottle. 


is a vacuum, there is little opportunity for heat to flow across thfe 
space. The residual air in this space is a very poor condugiflL- 
of heat. When the surfaces are silvered, they become good 
reflectors of whatever radiation falls on them. This very much 
decreases the amount of ener^ which might enter the flask by 
radiation and also the amount of energy which the flask might 
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lose by radiation. If hot bodies are placed in such a bottle, there' 
is little chance for the heat to escape from them by either cou- 
duetion, radiation, or convection. Hence, the substances in th<' 
bottle remain hot for a long time. On th^ other hand, if a cold 
body is placed in the bottle, there is little chance for heat to flow 
into it from the outside, and the substance inside the bottle will 
remain cool for a long time. 

361. Solar Constant. — ^The amount of heat received per square 
centimeter per minute on a surface which is perpendicular to the 
rays from the sun is called the solar constant. Some of this 
radiation is absorbed by the earth's atmosphere, so that the 
amount received on a surface above the earth's atmosphere is 
greater than the amount received at the surface of the earth. 
It has been found that about one-third of the total amount of 
radiation received is absorbed by the atmosphere of the earth. 
The latest determinations of the quantity received per square 
centimeter on a surface above the atmosphere is about 2 cal. per 
minute when the surface is perpendicular to the direction of the 
rays. 

352. Measuring the Solar Constant. — A thermometer with a 
blackened bulb indicates a higher temperature when exposed to 
the rays from the sun than the temperature indicated by a ther- 
mometer vdth a polished surface under similar conditions. The 
radiation falling on the blackened surface is absorbed to a 
greater extent than that falling on the polished surface. Hence, 
the temperature of the mercury in the bulb with the blackened 
surface is higher than it is in the polished bulb. In like manner, 
if a vessel with blackened surface is filled with water and is insu- 
lated in such a way that heat cannot escape by radiation, the 
temperature of the water rises when the sun's rays are allow^ed to 
fall on the surface of the vessel. By obser\nng the rate at which 
the temperature of the water rises, it is possible to calculate the 
rate at which heat is received from the sun. If all the energy' 
received from the rays from the sun were absorbed by the 
water, and none of it escaped from the vessel, this method would 
be a very simple one for determining the solar constant. As a 
matter of fact, as soon as the vessel becomes warmer than its 
surroundings, it begins to lose heat by radiation. The rate of 
loss of heat increases as the temperature of the water rises. After 
a time, the temperature of the water in the vessel attains a steady 
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temperature at which the loss of heat is just equal to the gain of 
heat from the sun. The temperature of the water above its 
surroundings gives a measure of the rate at which heat is being 
received from the sun. Such a method is a very inaccurate one 
for determining the rate at which energy is received from the 
sun. 


II 

Is 


An apparatus devised by Langley ^delds much more accurate results. 
It consists of a blackened strip of platinum foil, A (Fig. 315), placed in 
front of a slit through which radiation from the sun 
is allowed to pass in such a way that it falls directly 
on the blackened platinum foil. A second strip of 
platinum, J5, precisely like the first one, is placed near 
the first strip in such a way that the sunlight does not 
fall on it. The strips are made the arms of a Wheat- | | 

stone bridge with a galvanometer and a battery con- 
nected in the usual manner. As the temperature of 
the blackened strip of platinum increases, its resist- 1 11^^ 


Blackened 

Sfrip^ 

m 




Fig. 315. — Bolometer for meas- 
uring intensity of radiation. The 
radiation is absorbed by the 
blackened strip. 


Fig. 316. — Abbot’s 
pyroheliometer for 
measuring the intensi- 
ty of solar radiation. 


ance also increases, and this fact is indicated by the deflection of the 
galvanometer. By observing the change of resistance of the blackened 
platinum strip, the energy received from the sun by each square centimeter 
of the blackened surface can be calculated. The apparatus is a very delicate 
electrical thermometer capable of indicating very small changes of 
temperature. 

Dr. Abbot of the Smithsonian Institution has de\dsed a pyroheliometer 
(Fig, 316) which still further increases the accuracy of radiation measure- 
ments. It measures the radiation by noting the rise of the temperature 
of a blackened disk in contact with a thermometer. 

Figure 317 shows the way in which the solar radiation changes from hour 
to hour for three typical days of the year. These curves show that the 
amount of solar radiation reaching the northern hemisphere of the earth in 
December is small in comparison with the amount reaching it in June. 

363. Influence of Slope on Temperature of Soils. — If the rays from the 
sun strike the surface of the earth at an angle other than 90 deg., the energy 



RADIATION 


315 


in a given bundle of rays is spread out over a larger surface, so that the 
amount of energy received per unit of area is less than it would have been 
if the rays had been perpendicular to the surface of the earth. This spread- 
ing of energy in the rays of the sun 



Fig. 317. — Variations in solar 
radiations with the time of day. 
Solar constant also varies with season 
of year, latitude, and altitude. For 
definition of foot-candle see page 547. 


over a larger area and the consequent 
decrease in the amount received per 
unit area are indicated in Fig. 318. 
This fact is of much consequence in 
determining the temperature of soils 
which are differently exposed to the 
sun's rays. Consider the northern 



Fig. 318. — Position of sun and 
intensity of radiation. Intensity 
decreases as sun moves toward the 
horizon. 


and the southern exposure showm in Fig, 319. If a bundle of rays from the 
sun be represented in width by the line D(?, and this bundle be then divided 
into tw’O equal parts DE and EG, it is seen that the southern slope BH 
receives more energy than the equal northern slope HC. For this reason, 
southern exposures warm up earlier in the spring than do northern exposures. 

364. Sources of Solar Radiation. — 

It is interesting to inquire how a body 
like the sun can radiate heat at such a 
tremendous rate for millions and mil- 
lions of years without an appreciable 
decrease in its temperature. A number 
of hypotheses have been advanced to 
account for this remarkable phenome- 
non. Xone of them are thoroughly 
satisfactory. 

1. Meteoric Hypothesis . — It is well 
knowm that streams of meteors fall into 
the sun. The number of these meteors 
is very great and they range in size from grains of sand to very large masses. 
An estimate of the number which falls to the earth can be made. The 
number which falls to the sun must be many times larger than the number 
which falls to the earth. The kin etic energy associated with each of these 
meteors would be converted into heat when the meteor was stopped by the 
sun. After making the most liberal assumptions about the number,, the 
velocity, and the mass of these meteors, it is impossible to account for 
the energy radiated by the sun on this hypothesis. 



B A C 

Fig. 319. — Effect of slope on 
intensity of radiation. The greater 
the slope, the less the intensity. 
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2. CoTitraction Hypothesis ~li hea! is withdrawn from a solid, liquid, or 
gas under ordinary conditions, it decreases in volume. If the total amount 
of heat in the sun is diminishing, the volume of the sun would be growing; 
smaller and smaller. Because of this contraction, the energy which tho 
sun possesses because of the gra\’itational forces between its different parts 
would decrease. The gra\dtational energy which disappears might lx‘ 
released as heat and thus account for the heat liberated as radiation by the 
sun. Again, the amount of energy which could be liberated by this process 
is insufficient to account for the energy radiated by the sun. 

3. Radioactive Hypothesis. — There are certain chemical elements, like 
radium, which are in the process of spontaneous disintegration. In this 
process of disintegration, two particles, one positively charged and the other 
negatively charged, are emitted. The positively charged particle has 
nearly the mass of the hehum atom and the negatively charged particle 
the mass of an electron. Each of these particles moves wdth very great 
speed and they have associated -with them a definite amount of kinetic 
energy. When these particles are stopped, their kinetic energies are trans- 
formed into heat, so that the temperature of a radioactive substance remains 
above the temperature of its surroundings. If it is assumed that there is 
a large supply of some radioactive substance like radium in the sun, and 
that this radium is in a process of disintegration as it is on the earth, there 
would be a definite amount of heat supplied to the sun by this process, and 
this supply of heat woiild tend to keep the temperature of the sun from 
decreasing although the sun continually radiates heat. Rutherford has, 
however, shown that if the entire mass of the sun were originally made of 
uranium and its derivatives, like radium, the generation of heat from this 
source would not be sufldcient to supply the heat radiated by the sun. 

4. Trarisformation of Matter into Energy. — The atomic weight of hydrogen 
is 1.008 and the atomic weight of helium is 4.00. If four atoms of hydrogen 
could be made' to combine to form one atom of hehum, there would be a 
decrease in mass of 0 . 032 . Theoretical considerations show that this 
change of mass would be radiated as energy. If, therefore, in the sun, 
hydrogen is being transformed into helium with a decrease in mass, there 
would be a liberation of energy which would tend to keep up the temperature 
of the sun. The spectroscope shows that both hydrogen and hehum are 
present in the sun, and it is a plausible assumption that a transformation 
of hydrogen into hehum goes on in the sun. Calculations show that, on 
reasonable assumptions, the energy released in this way would account for 
the energy radiated by the sun. At aU events, this is the most plausible 
hypothesis at the present time to account for the fact that the sun continually 
radiates heat without appreciably decreasing in temperature. 

Problems 

1 . At a time when the solar constant is 2 cal. per minute per square 
centimeter, find the area which receives energy at the rate of 1 hp. 

2. Every square centimeter of the earth’s surface receives 1.93 cal. per 
minute. How many horsepower are received per square yard of the earth’s 
surface? 
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HEAT AND WORK 


356. Nature of Heat. — It is now -believed that heat is the 
eiiergj' which a body possesses by virtue of the fact that its 
molecules are in motion. In solids, these molecules do not much 
alter their relative positions but vibrate back and forth through 
positions of equilibrium. The distances through which these 
molecules \’ibrate are increased by the addition of heat, and the 
energy of the molecules is also increased. There are ways by 
which these molecules can be 
made to \dbrate more rapidly 
and to increase their energy. 

If two sticks are rubbed to- 
gether \dgorously, they become 
liot. Drills or augers become 
too hot to hold in the hand 
when used to bore hard wood or 
metal. A grindstone is kept 
wet with water to keep the 
tools which are being ground 
from becoming too hot. In aU 
such cases, work is done on the 
body and heat is developed in 
consequence of this work. 

From such experiments, it is 
possible to conclude that work can be transformed into heat. 

366. Mechanical Equivalent of Heat. — Since heat is a form 
of energy, it may be converted into other forms of energy, and 
other forms of energy may be converted into heat. According to 
the law of conservation of energy, it is not possible to create or 
destroy energy. Hence, a definite quantity of work is required to 
produce a given amount of heat. Experiments have shown that 
this amount of work is the same under aU conditions. 

The following experiment first performed by Joule show's one 
method of determining the amount of mechanical work necessary 
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Fig. 320. — Apparatus for measuring 
the mechanical equivalent of heat. 
Work done — heat produced, measured 
in work units. 
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to generate one unit of heat. The apparatus \Yhich was used in 
this experiment is shown in Fig. 320. It consists of a calorimeter 
in which revolves a senes of paddle wheels. The calorimeter 
was fitted wdth baffle plates having spaces cut in them to allow the 
paddle wheels to pass. By this means, the wmter in the calorim- 
eter was thoroughly churned. The paddle wffleels were driven 
by two weights which were hung over two pulleys. When the 
weights were allowed to descend through a given distance, the 
paddle wheels revolved and did wmrk on the water in the calorim- 
eter. This work caused the w^ater in the calorimeter to increase 
in temperature. By obser\dng the w^eights and the distance 
through which they descend, the work done on the water Ls 
easily calculated from the relation, 

Work = force X distance = weight in pounds X feet. 

By measuring the rise in the temperature of the water in the 
calorimeter, the heat generated is calculated from this rise in 
temperature together vdth the mass of w^ater and the thermal 
capacity of the calorimeter. 

Heat generated = (mass of -water + water equivalent of calo- 
rimeter) X change of temperature X specific heat of w^ater. 

Let M = the mass of w^ater in pounds. 

m = the mass of calorimeter. 

s = the specific heat of material out of wfflich the calorim- 
eter is made. 

t = the initial temperature of the wmter. 

T = the final temperature. 

h == the distance through wfflich wmights descend. 

2W = the sum of w^eights drmng the paddle wffleels. 

Work done on paddle -wheels = 2W X h ft.-lb. 

Heat generated = M{T — t) X 1 + ms(T — t) in B.t.u. 

Work to generate 1 B.t.u. - m{T - t, xT+ - t, 

Example. — In an experiment on the determination of the amount of 
work necessary’ to generate 1 B.t.u. the following data were taken. Find 
the number of foot-pounds to generate 1 B.t.u. Neglect heat given to 
calorimeter. 

Weight hanging over each pulley = W ~ 100 lb. 

Distance each weight descended = 20 ft. 
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Imtial temperature of water 
Final temperature of water = 

Mass of water - 0.52 lb. 
kwk done = 2 X 100 X 20 
Heat generated = 0.52(75 — 

Work per B.t.u. 

Mechanical equivalent of heat is defined as the number of 
units of work necessary to generate one unit of heat. In the 

English system, the mechanical equivalent of heat is the number 
of foot-pounds necessary to generate 1 B.t.u. In the metric 
system, it is the number of gram-centimeters or kilogram-meters 
or ergs required to develop 1 cal. To generate 1 B.t.u., according 
to the latest determinations, requires 778 ft.-lb., and to generate 
i cal. requires 4.26 X 10^ g.-cm. or 4.18 X 10^ ergs. 

Example. — How much heat is generated each second by an electric mixer 
which makes 15 revolutions per second and generates a torque equal to 
3 X 10* dyne-cm.? 

torque in dyne-centimeters X angular veloc- 
ity in radians per second 
work per second in ergs 
4.2 X 107 

3 X 107 dyne-centimeters X 27r X 15 
4.2 X 107 

67 cal, 

367. Transformation of Heat into Work. — The heat engines which play 
.<ueh a large part in modern life depend on the reverse of the operation 
described in Joule’s experiment, — that is, on the transformation of heat into 
work. The heated steam in the cylinder of a steam engine does work in 
pushing the piston back. This work is available for driving the machinery 
connected to the engine. A gasoline engine can drive an automobile or a 
tractor only when it is supplied constantly with heat from the exploding 
gasoline in the cylinders. In these cases, heat is transformed into work. 

358. First Law of Thermodynamics. — ^The first law of thermo- 
djTiamics is a special case of the law of conservation of energy. 
It is implied in the definition of the mechanical equivalent of 
heat and may be expressed by the equation 

W = JH, 

where W = the work measured in work units. 

H = heat measured in heat units. 

J = the mechanical equivalent of heat. 


Work per second in ergs = 
Heat per second in calories = 


= 65°F. 
= 7o°F. 


= 4,000 ft.-lb. 

65) X 1 = 5.2 B.t.u. 


4,000 ft.-lb. 
5.2 


= 770 ft.-lb. 
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'Move specifically, the law states that when any mechanical 
change occurs in an isolated system, the energy of the system 
remains constant. Heat may be transformed into work or work 
into heat, but the total energy of the system remains unchanged. 
In other words, the first law of thermodynamics states that in the 
transformation of work into other forms of energy or in the trans- 
formation of one form of energy into other forms of energy, no 
energy is ever created or destroyed. The energy before and 
after the transformation is always the same. This law in its 
general form cannot be proved by experiment but conclusions 
based on it have always been confirmed by experiment. 

369. Second Law of Thermodynamics. — ^The second law of 
thermodynamics states the conditions under which heat may 
be transferred from one body to another. It is in effect a state- 
ment of the fact that heat naturally flows from a place of higherto 
one of lower temperature but never in the reverse direction. An 
analogue may make the meaning clearer. Water may flow from 
a higher to a lower level with the performance of work. Heat 
may flow from a higher to a low^er temperature with the per- 
formance of work. To cause water to flow from a lower -to a 
higher level requires that external work be done on it. To cause 
heat to flow from a lower to a higher temperature also requires 
the performance of external w-ork. The natural tendency of 
heat to flow from a higher to a lower temperature makes it 
. possible for a heat engine to transform heat into work. On the 
contrary, a mechanical refrigerating machine must transfer 
heat from a colder to a hotter body. Work must be done on 
such a machine to make this transfer. The following is one form 
of statement of the law : 

It is impossible for any kind of a machine working in a cycle 
to transfer heat from a lower to a higher temperature unless 
external work is done on it. A similar statement of the water 
analogy would be: It is impossible for a pump -working in a cycle 
to transfer w^ater from a lower to a higher level unless external 
work is done on it. The law camiot be proved by direct experi- 
ment. It states that a certain process or change cannot take 
place. It is a generalization based on the fact that in all human 
experience no contradictions of the law have been found. It 
merely states that heat of itself can only flow from higher to 
lower temperatures and no exceptions to this rule are known. 
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,360. Steam Engine. — The simplest form of the cylinder of a 
^team engine is that shown in Fig. 321. It is a cylinder in which 
moves a closely fitting piston. This cylinder is connected to 
the steam chest by means of two pipes, A and B, These pipes, 
which are provided with valves, serve alternately as inlet and 
exhaust for the steam. As the piston moves forward, steam 
enters through A and the used steam is forced out through B. 
l\lien the piston moves in the opposite direction, steam enters 
the cylinder at B and used steam is forced out at A. With 
this simple arrangement, the steam would leave the cylinder on 
exhaust at a temperature nearly as high as that at which it 
entered it. A considerable quantity of heat would thus be 
carried to the condenser or the outside air and lost so far as 



Fig. 321. — Steam-engine cylinder and plane slide valve. A case of transforma- 
tion of heat into work. 

useful work is concerned. The efficiency of the engine is thus 
quite low. In order to prevent as far as possible this waste, an 
automatic cut-off is provided. When the piston has moved 
through about one-fourth of its stroke, this slide valve auto- 
matically cuts off the supply of steam. 

After this cutting off of the steam from the steam chest, the 
steam that has already entered the cylinder expands and pushes 
the piston forward, through the remainder of the stroke. Dur- 
ing this expansion the piston is doing work, the pressure of the 
steam is being reduced, and its temperature lowered. The heat 
contained in the steam is thus converted into useful work and the 
efficiency of the engine is increased; for it must be remembered 
that this heat would otherwise have been lost to the outside air 
without producing any useful work. 

When the piston has reached the end of this stroke, the slide 
valve opens A and connects B to the steam chest. Live steam 
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is now again admitted to the cylinder behind the piston and it 
pushes the piston toward the left. The dead steam in front of the 
piston is forced through A. ^en, as before, the piston has 
made about one-fourth of its stroke, the slide 
valve closes j5, and the steam behind the piston 
expands until the piston has reached the end of 
its stroke. The cycle is then repeated. 

The pressure of the steam in the boiler is 
regulated by means of a pop valve (Fig. 322) 
which allows the steam to escape when the pres- 
sure exceeds a certain value. 

361. Gas Engine. — Gas engines and gasoline 
engines operate on the same principle. In each 
case the energy is derived from the explosion of 
a mixture of air and gas or gasoline vapor. The 
Fig. 322 '— Cross gasoline engine is now the most common type of 
section of pop engine. It is used to drive motor cars, motor 
valve. boats, tractors, etc. 

A diagram of the common four-stroke cycle gasoline engine is 
shov^TL in Fig. 323. This engine makes four strokes or two 
revolutions of the flyi\'heel for each power stroke. The first 
is the charging stroke, the second the com- 
pression stroke, the third the power stroke, 
and the fourth the exhaust stroke. The 
charging stroke is represented in diagram 
1 of Fig. 323. The flywheel pulls the 
piston forward, and a mixture of gasoline 
vapor and air enters through the intake 
valve A. When the cylinder has been 
filled, the valve closes and the piston 
moves back and compresses the mixture of 
air and gasoline vapor in the cylinder to 
about one-fifth of its original volume. 

When the compression stroke is near its 
end, a spark from an induction coil or 
magneto ignites this mixture and causes 
an explosion which forces the piston for- 
ward with considerable velocity. The valve B is opened and 
the burnt gases are forced out through this valve. The momen- 
tum of the flywheel is sufllcient to carry the piston through three 



(4)-Exhciust 
Fig. 323 . — Four-stroke 
cycle gas engine. 
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of these strokes. After the burned gases have been forced out 
of the cylinder, the cycle is again repeated. Out of four strokes 


^uch an engine gives only one working stroke. 

362. The Two-stroke Cycle Engine. — The 
principle of the two-stroke cycle internal- 
combustion engine is shovui in Fig. 324. On 
the upward stroke of the piston P the pres- 
sure is reduced in the crank case C, and the 
explosive mixture of air and gasoline vapor 
is drawn in through the valve at A. At the 
same time, a quantity of this mixture pre- 
riously taken into the space above the piston 
P is compressed. Near the end of this com- 
pression, the explosive mixture is fired by 
means of the spark from the magneto. The 



spark plug is shown at S. This explosion fig. 324.— Two-stroke 
produces an increase of pressure in the cylin- engine, 

der behind the piston P. This pressure drives the piston down. 


and this is the W'orking stroke of the piston. As the piston 



Pig. 325. — Crank shaft, pistons, etc., in gasoline, engine. {Courtesy General 

Motors.) 

descends, it compresses the mixture in the crank case. During 
this downward stroke the admission valve A is closed, and the 
exhaust valve E is also closed. Near the end of the downward 
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fi^troke, the exhaust valve E is opened, and the burned gases m 
allowed to escape to the atmosphere. The piston continues it> 
downward stroke and soon opens the port I through which tlif* 
slightly compressed gases in the crank case are forced into thr- 
space W above the piston. 

The port I and the exhaust port E are opened and closed by 
the piston. The inlet valve in the crank case is operated like ty 
valves in the other ty^pe of engine. 

363. Work Done by a Gas Expanding at Constant Pressure.— 
Let a volume of gas be enclosed behind a piston (Fig. 326) which 

is air-tight and moves without fric- 
tion. Let the pressure acting on the 
piston be denoted by p and the area 
of the piston by A. The total force 
acting on the piston pushing it back- 
ward is 

F = pA. 



Fig. 326. — Work done by a 
gas at constant pressure == 
pressure X change of volume. 


If, now, the gas in the cylinder h 
heated, it may be allowed to expand 
without any change in its pressure, 
and the piston moves back through a 
distance d. 


Work done on piston = force X distance 
- p X A X d. 

Now A X d — increase of volume of the gas during expansion. 
Hence, 

Work = p X change in volume. 


It is convenient to represent the work done by the gas by 
plotting the pressure of the gas on the vertical axis and the 
volume of the gas on the horizontal axis. In this case, the pres- 
sure is constant for all volumes. Hence, AB represents the rela- 
tion between the volume and the pressure. If Vi denotes the 
original volume and V 2 the final volume, the length of the line ab 
represents the change in volume during expansion. The product 
of the change in volume and the pressure is represented by the 
rectangle ABha. This area then stands for the work done by 
the gas during its expansion; and since this work is equal to the 
heat supplied t( the gas during expansion, this rectangle also 
represents the heat taken in by the gas during its expansion. 
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364. Work Done by a Gas Expanding at Variable Pressure. — If 

the gas expands under a variable pressure, the work which it per- 
thms may be represented by a diagram similar to that by which 
it was represented for a gas expanding at constant pressure. In 
tills case the line AB (Fig. 327), instead of being horizontal as in 
the preceding case, slopes toward the horizontal axis along which 
the volumes are plotted. Nevertheless, the area under AB will 
represent the work done by the gas as it expanded under the 
action of a changing pressure. It would be possible to construct 
a rectangle having the same base as the figure ABha and the same 
area. The height of this rectangle 
would be the average pressure of the 
gas during its expansion. If the 
vaiying pressure acting on the piston 
has been replaced by a constant pres- 
sure equal to the average pressure, 
the work done by the gas would 
remain unchanged. The average 
pressure may then be defined as 
the constant pressure by which a 
varying pressure may be replaced 
without changing the amount of work 
done on the piston for the same 
stroke. 

365. Positive and Negative Work. — In the preceding cases we 
have discussed the work done on a piston by the expanding gas. 
Such work must be considered positive, for it is work delivered 
by the engine. 

In order to force the dead steam or the burned gases out of the 
cylinder, the piston on its return stroke must exert a force and 
must, therefore, do work. This is the work done to return the 
piston to its initial position ready for a new forward stroke. 
It is work done by the engine on the useless gases. It represents 
a waste or loss which must take place in order to make the work- 
ing stroke of the piston possible. To distinguish this work from 
the work done on the piston by the gases in the forward stroke, 
it is called negative. This work done on the gases by the piston 
must be subtracted from the wmrk done on the piston by the 
gases in order to get the useful work done by the piston in one 
(‘omplete cycle. 



jj 
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Fig. 327. — Work done by a gas 
at variable pressure == average 
pressure X change of volume. 
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This work done on the gases by the piston may also be repre- 
sented by an area^ suoh as that used to represent the work done 
by the gases oir the piston. One of these areas, however, repre- 
sents the work done on the piston and the other represents work 

done by the piston. The net work 
vdll be the difference betw^een these 
areas. If the gas expands at constant 
pressure and is later compressed at a 
lower constant pressure, the net work 
done by the piston is represented by 
the difference between the areas ABha 
and the area DCha, i.e., by the rec- 
tangle ABCD (Fig. 328). 

366. Eflhciency. — Since heat and 
work are convertible, the most impor- 
tant thing to know about any device 
for this purpose is its efficiency, which 
gives a measure of the amount of heat 
which can be transformed into work under a given set of condi- 
tions. The ratio of the work obtained from the machine to heat 
put into it is called the efficiency of the machine. Both the heat 
and the work must be measured in the same units. In finding, 
for example, the efficiency of a burner 
used to heat a kettle of water, it is 
necessary to find the amount of gas 
consumed by the burner and the 
amount of heat thus developed. It 
is next necessary to find the amount 
of heat which gets into the water in 
the kettle. The ratio obtained by 
dividing the heat which gets into the 
water by the heat developed by the 
burning of the gas is called the effici- 
ency of the burner. The efficiency 
may be defined as the fraction which 
tells what portion of the total heat 
supplied is used for the purpose for which it was intended. 



Fig. 329. — Air-cooled engine. 



k — ~x *1 

Fig. 32S. — Positive and nega- 
tive work. Work done by the 
gas is positive; work done on 
the gas is negative. 


Efficiency = 


heat used 
heat supplied 
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The operation of transforming heat into work is inefficient 
because only a small fraction of the heat developed by the com- 
bustion of the fuel is converted into work. In a steam engine 
a part of the heat must pass over wdth the exhaust steam and be 
lost in the condenser. This loss is so great that even the best 
steam engines do not use more than about 18 per cent of the heat 
of combustion of the fuel. An ordinary locomotive uses about 
8 per cent of the heat generated by the combustion of its fuel. 
In a gas engine, provision must be made for removing the excess 
heat. This is done by circulating air or water. An air-cooled 
engine is represented in Fig. 329. 


Example. — If 1 lb. of coal which has a heating value of 8,000 B.t.u. was 
burned in a machine which raised 500 gal. of water 100 ft., what percentage 
of the heat from the coal was converted into useful work? 


Heat supplied = 8,000 B.t.u. 

Work done = 500 X weight of water per gallon X 100 

= 500 X 8.3 X 100 = 415,000 ft.-lb. = 533 B.t.u. 
. heat used 

h^^pplied 


533 

8,000 


6.7 per cent. 


367. Isothermal Changes. — ^A gas may be expanded or com- 
pressed and at the same time the temperature of the gas may 
remain constant. In order that such a change may be possible, 
heat must be removed from the gas in case it is being compressed, 
and heat must be added to the gas in case the gas is expanding. 
If the gas is compressed without at the same time removing heat 
from it, the temperature of the gas will increase. If, on the 
other hand, the gas is expanded without heat being supplied to it, 
the temperature of the gas will decrease. In the case of a gas 
enclosed in a cylinder, for example, the work done in compressing 
the gas reappears as heat energy in the gas, but in case the gas 
in the cylinder is expanding the work done on the piston is at the 
expense of the heat energy in the gas, and the temperature of 
the gas will decrease. 

A process which is carried out in such a way that the tempera- 
ture of the substance — ^gas, liquid, or solid — ^remains constant 
is called an isothermal process. If the walls of the cylinder are 
good conductors of heat, and if the compression or expansion 
of the gas is carried out slowly so that there is a chance for the 
heat to flow out of the gas during the compression or into the gas 
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during the expansion, the process -svill be nearly isothermal. 
The relation between the pressure and volume of a gas during 
isothermal expansion and compression is shovm in Fig. 330 l,y 
the line ST. The equation of this curve is, PV = constant, 
where P is the pressure of the gas, and V is its volume. 

368. Adiabatic Changes.— If a gas or any other substance i- 
compressed or expanded in such a way that no heat is allowed tn 
enter it or to escape from it, the temperature of the substance 

increases in the case of compression 
, and decreases in the case of expansion. 

,Aci,abofTic work necessary to push back the 

— 1 r piston if the gas is in a cylinder closed 

by a piston, as in Fig. 328. is obtained 

I \' at the expense of the heat energy of 

^1 the gas. Hence; the temperature of 

the gas decreases during the expansion 

^ unless heat flows into the gas from 

Volume some ext-ernal source. If, on the other 

Fig. 330. — A comparison of hand, the gas is compressed and no 
the isothermals and adiabatics i i i 

of a gas. The slope of the heat allowed to escape during the 

adiabatic is greater than the compression, the work done on the 
slope of the isothermal. . , , . 

piston appears as heat energy m 
the gas, and the temperature of the gas is increased. Such an 
expansion or compression may be realized experimentally by 
enclosing the gas in a cylinder which is surrounded by non-con- 
ducting materials and then compressing or expanding the gas 
rapidly so that there is little time for heat to flow into the gas or 
out of it. A process in which there is no exchange of heat 
between the substance and its surroundings is called an adiabatic 


process. 

The relation between the volume and the pressure of a gas 
during an adiabatic expansion is shown by the curve LM in 
Fig. 330. The curve for the adiabatic process is steeper than the 
corresponding curve for the isothermal process. If the pressure, 
temperature, and volume of two gases are the same at the 
beginning of an adiabatic and an isothermal change, and if they 
expand to the same volume, the temperature and pressure of 
the gas which has expanded adiabatically will be less than the 
corresponding temperature and pressure of the gas which ha.- 
expanded isothermally. The work done on the gas during 
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the isothermal compression is less than the corresponding work for 
the adiabatic compression. The temperature and pressure at the 
emi of the adiabatic compression are greater than they are at the 
end of the isothermal compression. In other words, it is easier to 
compress a gas isothermally than it is to compress it adiabatically. 
Tiie heat generated during the adiabatic compression increases 
the pressure of the gas, so that more work is done in compressing 
it. 

369. Carnot Cycle. — An ideal engine was devised by Carnot to illustrate 
:iiid analyze the fundamental principles involved in heat engines. This 
engine was Imagined to consist of a cjdinder filled with gas and closed by a 
movable piston. By allowing the gas in the cylinder to expand isothermally 
and then adiabatically, and later compressing the gas isothermally and then 
adiabatically, the gas in the cylinder 
is carried through a cycle and made to 
yield work. 

Suppose the gas in the cylinder has 
a volume and a pressure represented 
by the point A in Fig. 331. If now the 
gas is allowed to expand isothermally, 
the temperature remains constant, the 
volume increases, and the pressure 
decreases, until the volume and pres- 
sure represented by the point B on the 
cun'e are reached. The area under the 
(*ur\’e AB represents the work done 
by the gas during this expansion. At the point B, suppose the conditions 
surrounding the cylinder are changed so that the gas expands adiabatically 
until the pressure and volume have the values indicated by the point C. 
During this adiabatic change, the temperature of the gas has changed, so 
that the temperature is now To, instead of Ti. The area under the eur\^e 
BC represents the work done by the gas during this adiabatic expansion. 

Now conditions are again changed, and the gas is compressed isothermally 
at the temperature T 2 until the gas has the. pressure and volume indicated 
by the point D. This point D is so chosen that the cycle can be closed by an 
adiabatic compression along the curve DA. The area under CD represents 
the work done on the gas during the isothermal compression. This work 
is regarded as negative since it is work done on the gas by external forces 
and not work done by the gas. 

Again change the thermal conditions surrounding the cylinder, so that the 
gas may be compressed adiabatically until it has the volume and pressure 
represented by the point A. The temperature, pressure, and volume of the 
gas are now the same as they were at the beginning of the cycle, and the gas 
has been returned to its original condition. The area under the curve AD 
represents the work done on the gas during the adiabatic compression. 
Again this work is negative, since it is work done on the gas by external forces. 



two iso thermals and two adiabatics. 
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The net work of the cycle is represented by the area enclosed in the figure 
ABGD, It is the difference between the positive work done during tb 
isothermal expansion AB and the adiabatic expansion BC, and the negative 
work done on the gas during the isothermal compression CD and the adia- 
batic compression DA. 

During the isothermal expansion along the line AB a.t the temperature 
Ti, Hi units of heat flowed into the gas. During the adiabatic expansion 
along the line BC, no heat flowed into the gas or out of it. During the 
isothermal compression along the line CD, H 2 . units of heat were rejected 
from the gas at a temperature T 2 . During the adiabatic compression along 
the line DA, no heat flowed into the gas or out of it. 

During the cycle (Hi — HI) units of heat have been transformed into 
mechanical energy. If W denotes the work done by the engine during this 
cvcle, 

TT = J{Hi - HI), 


where J is the number of units of work produced from one unit of heat 
(Appendix E-7). 

370. The Efficiency of a Carnot Engine. — The efficiency of a Carnot 
engine depends only on the temperatures between which it works. Now, 
the efficiency of any engine has been defined as the ratio between the heat 
transformed into useful work by the engine and the heat taken ia from 
external sources. Hence, for a Carnot engine, 

Efficiency — ^ 


In the case of a Carnot engine, it may be shown that the efficiency is also 
given by the expression, 



where Ti is the temperature of the hot body from which the heat is taken 
and T 2 is the temperature of the cold body to which the heat not transformed 
into useful work is delivered. In both cases, these temperatures are meas- 
ured on the absolute scale of temperatures. No engine can have a greater 
efficiency than a Carnot engine working between the same temperatures. 

Example. — Find the efficiency of a Carnot engine working between a 
temperature of 1527°C and a temperature of 627°C. 

Ti = 1527° + 273° = 1800°. 

T 2 - 627° + 273° - 900°. 

„ 1,800 - 900 

^ 1,800 
- 0.50 per cent. 

371. Indicator Card. — If the gases expand and are compressed 
under varying pressures, the net work may be obtained as 
follows. The area under the line ABC (Fig. 332) represent 
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the work done on the piston by the gases during the expansion, 
and the area under the line ADC represents the work done by the 
piston on the gases during compression. The useful or net work 
obtained from the cycle is represented by the area of the irregular 
figure ABCDA. It is the -work which is left after the work of 
returning the piston is deducted. Such a figure is called an indi- 
cator card. The indicator card for a steam engine is essentially 
like Fig. 332, and in Fig. 333 is given an indicator card of a 
four-stroke gas engine. It gives a measure of the work performed 
by the engine in one cycle. 



Fig. 332. — Indicator card for Fig. 333. — Indicator card for a gas 

steam engine. The area shows the engine, showing work done in one cycle, 

work done by the engine in one 
cycle. 

372. Indicator. — In order to make an indicator card from w^hich 
to determine the horsepower of an engine, a device known as 
an indicator is used. The essential part of such an instrument 
is a small vertical cylinder (Fig. 334) containing a movable piston. 
This cylinder is in communication with the steam in the cylinder 
of the engine. This piston is held down by a spring which will be 
compressed as the steam exerts its pressure on the piston. The 
compression of the spring is made to raise an arm at the end of 
which is a pencil that records its movements on a revolving 
drum. The drum is covered with paper and its motion is con- 
trolled by the motion of the piston rod. In this way, a diagram 
showing the unbalanced pressure in the cylinder of the engine 
for each part of the stroke is obtained. From the average 
pressure and the length of the stroke, the horsepower of the engine 
can be calculated. 

373. Indicated Horsepower of an Engine. — In order to measure 
the horsepower of an engine, it is necessary to know: (1) the length 
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of the stroke in feet, (2) the number of revolutions made each 
minute (3) the area of the piston, and (4) the average unbalanced 
pressure in pounds per square foot on the piston. The length 
of the stroke and the area of the piston are easily measured and 
the number of revolutions per minute counted. The average 
unbalanced pressure of the steam in the cylinder is found from 
the indicator card in the following maimer. Take the area of the 
figure ABC DA (Fig. 332) and find its mean height. This is 
equivalent to finding a rectangle having the same base as ABCDA 



Fig- 334. — Steam-engine indicator for making indicator cards. 

and the same area. The height of this equivalent rectangle h 
the mean effective pressure, which means that if the pressures 
actually operating in the cylinder had been replaced by a constant 
pressure equal to this mean effective pressure the work done by 
the engine would have been unchanged. To- find the horsepower, 
multiply the mean effective pressure in pounds per square foot by 
the area of the piston in square feet. This gives the average 
force acting on the piston. Multiply this force by the length o 
the stroke. This gives the work done in each stroke in foot- 
pounds. Multiply the work done in each stroke by the number 
of strokes per minute. The result is the work done per minute. 
By dividing this work by 33,000, the number of foot-pounds per 
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minute to make 1 hp.. the indicated horsepower of the engine is 

obtained. 

average pressure X length of stroke X 

^ area of piston X number of revolutions 

Horsepower = 

PLAN 

33,000' 

This formula applies to the simple case of a single-acting engine. In 
practice, most engines are of the double-acting type. The horsepower of a 
double-acting engine can be obtained by inserting the factor 2 in the expres- 
sion for the horsepower of the single-acting engine. The horsepower of a 
double-acting engine thus becomes 

^ 2 PLAN 

Hoi-sepower = 


Example. — In a steam engine the average pressure was 40 lb. per square 
inch, the length of the stroke was 12 in., the number of revolutions per 
minute 300, and the area of the piston 125 sq. in. Find the horsepower of 
the engine. 


Force on piston == pressure X area = 40 X 125 = 5,000 lb. 

Work per stroke = force X length of stroke - 5,000 X 1 ft. = 5,000 ft.-lb. 
Work per minute = work per stroke X number of strokes per minute. 

= 5,000 X 300 = 1,500,000 ft.-lb. 

1,500,000 


Power — 


33,000 


= 45.3 hp. 


374. Brake Horsepower. — ^The brake horsepower measures 
the power which the motor or engine can deliver at the shaft or 



Fig. 335- — Prony brake for measuring horsepower. Friction tends to make 
the brake rotate with the pulley. The upward thrust exerted by the balance 
overcomes this tendency. 


belt for work such as driving machinery. This power is measured 
by what is known as a Prony brake. This brake, which is shown 
in Fig. 335, consists of tw^o ivooden blocks BB which are clamped 
around the pulley P by means of thumbscrews. From one of 
these blocks projects a lever L which rests on a pair of platform 
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scales. When the shaft P is rotating, there is a tendency to 
drag the blocks mth it, and the lever presses on the platform 
scales with a certain force which depends on the force exerted on 
the blocks by means of the pulley. The force of the pulley on the 
blocks is better seen in Fig. 336, which represents a belt passing 
around the pulley. The difference between the readings on the 
spring balance is equal to the force of friction between the belt 
and the pulley. The horsepower of the engine is calculated from 
the weight registered on the scales in the following way: Let L 
be the length of the brake arm in feet, W 
the weight registered on the scale ex- 
pressed in pounds, and N the number of 
revolutions which the engine or motor 
makes per minute. 




Brake horsepower = — — ^ ^ ^ 

dd,UUU 

Example. — ^The reading of the scale of a 
Prony brake when the engine was making 300 
revolutions per minute was 75 lb. The length 
of the brake arm was 4 ft. 

Find the horsepower of the engine. 


Brake horsepower = 

2 X 3.1416 X 4 X 75 X 300 
33,000 


1.71 hp. 


Fig. 336. — With a strap 
brake the friction between 
the pulley and the strap is 
given by the difference 
between the readings of the 

spring balances Pi and f... 376. Refrigerating Machines.-The 

process of reducing the temperature of a body below that of its 
surroundings is essentially the reverse of the process employed in 
the steam engine or in the gasoline engine. In the engine, the 
steam passes from the boiler to the cylinder at high temperature. 
In the cylinder, it gives up some of its heat. This heat is trans- 
formed into work which drives the piston forward. In a refriger- 
ating machine, the working substance is taken into the cylinder at 
a low temperature. Here it is compressed and thus heated in 
consequence of the work done on it during compression. This 
heat is removed by water circulating around the cylinder in which 
the compression takes place. The working substance then ex- 
pands or vaporizes, and during this expansion or vaporization it 
takes heat from the surrounding bodies and thus cools them below 
their original temperatures. 
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One of the common forms of refrigerating machines is one in 
which ammonia is used as the working substance. The cooling 
effect is in this case obtained from the absorption of heat by the 
vaporization of the ammonia. A simple diagrammatic sketch 



Fig. 337. — Refrigerating machine. It transfers heat from a colder to a hotter 

body. 

of this type of machine is shown in Fig. 337. A force pump 
C is closed by two valves A and B. One of these opens outward 
from the cylinder and the other opens into the cylinder. On the 
upward stroke of the piston, the valve B is opened and animonia 
gas is drawn into the cylinder from the pipes immersed in the 



Fig. 338. — Household refrigerator. {_Courtesy General Electric Company!) 

coohng chamber FE. On the downward stroke of the piston, the 
valve B closes and the valve A is opened. The ammonia gas is 
compressed, and, on account of the compression, the vapor is 
heated In spite of this heating, some of the vapor is changed 


336 


THE ELEMENTS OF PHYSICS 


into the liquid condition. The mixture of liquid and vapor is 
forced into the coils CD where is it cooled by water circulating 
around these coils. Here all of the vapor becomes a liquid. 
After this cooling, the liquid ammonia is allowed to esea|> 
through a regulating valve G into the coils FE which are immersed 
in the brine to be cooled by the refrigerating machine. In thes(‘ 
coils the pressure is low because this space is continually being 
exhausted by the pump. The liquid ammonia under a reduced 
pressure in these pipes evaporates and changes back to vapor. 
In this process of evaporation heat is absorbed. The heat 
necessary to evaporate the ammonia comes from the coils FE 
and whatever hquids may surround them. The cooling effect 
in the case described is sufficient to reduce the temperature of 
the water below its freezing point. It is in this way that 
artificial ice is manufactured.. Household refrigerating machines 
(Fig. 338) that operate on the principle of removing heat when a 
liquid is evaporated are becoming increasingly common. 

Problems 

1 . A truck and its load together weigh 6 tons. The brakes are used to 
bring it to rest from a speed of 30 miles per hour. How much heat Is 
developed, if all the work done against the frictional resistance is convertetl 
into heat.? 

2 . If a certain meteor reaches the earth's atmosphere with a velocity of 
6.5 miles per minute, how much heat will be generated when it is brought 
to rest by the frictional resistance of the air? Weight of meteor is 1 g. 

3. One cubic foot of water falls from the top to the bottom of Niagara 
Falls a distance of 160 ft. If all the potential energy lost in the fall h 
transformed into heat, how much is the temperature of the water raised? 

4. A strap brake used for testing a small motor was used under the 
following conditions: diameter of pulley, 3 in.; reading of spring balances, 
10 and 32 lb., respectively; speed, 1,200 revolutions per minute. What 
power was developed by the motor? 

6, The following readings were taken during a test with a Prony brake: 
revolutions per minute, 840; length of arm, 4 ft. 3 in.; reading of scales, 319 
lb. Calculate the horsepower of the motor. 

6. Ice is used to cool a Prony brake which is absorbing 8 hp. If the 
water escapes at a temperature of 10°C., how long will a 40-lb. piece of 
ice last? 

7. How much coal with a heat of combustion of 11,000 B.t.u. will be 
required per mile of operation by a steam tractor weighing 10 tons against 
a rolling friction of 16 lb. per ton, assuming that 6 per cent of the energ}' 
of the coal is converted into work? 

8. The horsepower of an engine was determined by means of a Prony 
brake. The arm of the brake was 1.8 ft. in length. The engine made 1,200 
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revolutions per minute, and the reading on the balance at the end of the 
arm of the brake was 9 lb. What was the horsepower of the engine? 

9. A gasoline engine makes 1,S00 revolutions per minute. It has eight 
i-yiintiers and develops 55 hp. The cylinder has a bore which is 3i*2 in. in 
iliaineter, and the length of the stroke is 5.5 in. Find the average pressure 
which is developed during each working stroke. 

10. Suppose that a steam engine develops 3 hp. How many British 
thermal units of heat must be supplied per min. if the over-all efficiency 
is only 12 per cent? 

11. A brake is applied to the driving shaft of an engine which develops 
4 lip. The brake and the shaft are immersed in a calorimeter so that all 
the work done against friction is transformed into heat and goes to increase 

' the temperature of the water in the calorimeter. If the mass of the water 
in the calorimeter is 140 lb., how much wall its temperature rise per minute? 

12. A Carnot engine is working between the temperatures of 250 and 
I20''r. How much work ^^ill be obtained from 1,000 B.t.u.? 
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CHAPTER XXXII 

MAGNETISM 

376. Natural Magnets. — ^A peculiar mineral (Fe 304 ) called 
lodestone was found in early times in the neighborhood of Mag- 
nesia in Asia Minor. This mineral has the power of attracting 
small particles of the same mineral and of setting itself in one par- 
ticular direction when suspended. When a piece of this lodestone 
is dipped into iron filings, they adhere to it. It is found that 
there are two places on each piece of this mineral at which the iron 
filings adhere in greatest quantities. If such a piece of lodestone 
is suspended by means of a silk thread, it is found that the line 
joining the places at which the iron filings adhere in greatest 
quantities points north and south. 

377. Artificial Magnets. — ^When a steel knitting needle is 
stroked from one end to the other -ftith a piece of lodestone, using 
for point of contact one of the points at which the iron fi lings 
adhere most freely, the needle acquires the property of attract- 
ing iron fihngs and of setting itself north and south when sus- 
pended. Such a needle is called an artificial magnet. Thefe are 
other ways in which more powerful artificial magnets can be 
made. The properties of these magnets do not differ in any 
way from those of the needle, except that they are much more 
powerful. 

378. Magnetic Poles. — On dipping a magnetized needle into 
iron filings it is seen that the iron filings adhere most strongly at 
the ends of the needle. These places at which the tendency 
of the iron filings to cling to the needle is greatest are called poles. 
If that end of a. suspended needle which points north is marked, 
it will be found that, however, the needle may be disturbed, it 
win come to rest with the marked end pointing north. For 
convenience it is desirable to caU the end of the magnetic needle 
which points north the north -seeking pole or N-pole. The other 
end is called the south-seeking pole or the S-pole. 

338 
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379. Force between Poles. — The first law of magnetism states 
that like poles repel each other, but unlike poles attract each 
other. Thus, two N-poles repel each other, and two S-poles repel 
each other, but an N-pole and an S-pole attract each other. 

380. Law of Force between Magnetic Poles. — Experiments 
show that the force with which the poles of two magnets attract 
or repel each other, in a vacuum, is equal to the product of the 
pole strength divided by the square of the distance between the 
poles, or expressed mathematically, 

F = TfimZ/dr, 


where F = the force in dynes. 

d = the distance in centimeters between the poles. 
m = the strength in unit poles of one pole, 
m' = the strength in unit poles of the other pole. 


381. Unit Pole. — unit pole is a pole of such strength that it 
will repel a similar pole of equal strength with a force of 1 dyne 
when placed 1 cm away from it in a vacuum. An isolated north 
pole is not a physical possibility, since every magnet must have an 
equal south pole for every north pole. It is possible to realize 
nearly enough the eonditions assumed in this definition by 
supposing that the magnets are very long, so that the south poles 
are so far aw^ay that their influence is small. The number of 
unit poles on the end of a magnet is measured by the number of 
dynes of force which it will exert on a unit pole 1 cm, from it in 
a vacuum. The force in air differs httle from the force in a 
vacuum. Hence, the distinction between air and vacuum may 
be neglected. 


Example. — Find the force on a N->pole of strength 40 units when placed 
in air 30 cm. from a like pole of strength 20 units. 


F = 




40 X 20 _ 800 
302 900 


^ = 0.89 dyne. 


382, Magnetic Field. — The space outside the magnet in tvhich 
its influence can be detected is called the magnetic field. In the 
case of potverful magnets, this space extends far from the magnet, 
but, in the case of feeble magnets, the magnetic field is so weak 
that it may be tjonsidered as confined to a small region near the 
magnet. 
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At every point near a magnet or a system of magnets, a free 
magnetic pole would experience a force tending to drive it in a 
definite direction. The direction in which a free N-pole would 
move is called the direction of the magnetic field and the magni- 
tude of the force on unit pole is known as the intensity of the 
Tnagn fttir. field. The intensity of the magnetic field or the mag- 
netic intensity (Fig. 339) is thus defined to be the mechanical 
force measured in dynes which is exerted on unit pole at a point 
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Fig. 339. — Intensity of magnetic field at a point P; if -j 
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in free space. The unit of magnetic intensity is called the 
oersted. If the magnetic field is such that there is a force of 1 
dyne on unit pole, the magnetic field or the magnetic intensity 
at that point is 1 oersted. (Formerly the word gauss was used 
as the name of this unit but gauss is now used exclusively as the 
unit of magnetic induction.) 

383. Magnetic Lines of Force. — In ordqj* to make it easier to 
understand the way in which the magnetic field changes from 



point to point, it is convenient to draw certain lines (Fig. 340) 
which by their direction represent the direction of the magnetic 
field and by their number represent the intensity of the magnetic 
field. Such lines are called lines of magnetic force. Such a line 
of magnetic force is the path along which a perfectly free N-pole 
would travel when left alone in the magnetic field. Since such 
a free N-pole cannot be obtained in practice, a small compass 
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needle is used to determine the direction of the magnetic field 
at a point. TMien the compass needle comes to rest, its axis 
points in the direction of the magnetic field at that point 


/ ^ Geographic 



Fig. 341. — The earth as a magrtet. 


In order to represent the strength of the magnetic field, there 
is a well-established convention concerning the number of lines 
of force to be drawm per unit area. The agreement is that 
the number of lines of force per square centimeter shall be just 
equal to the number of dynes with which 
the field would act on a unit pole. For 
example, a magnetic field equal to 10 
dynes on a unit pole is represented by 
drawing 10 lines of force per square 
centimeter. 

384. The Earth’s Magnetic Field. — 

The action of the compass needle in 
pointing north and south is explained by 
the fact that the earth itself acts as if it 
w'ere a great magnet with an S-pole near 
the geographical north pole and an N-pole 
near the geographical south pole (Fig. 

341). It is only the horizontal part of Fig. 342.— Magnetic-dip 

the field from this large magnet that is divided cMemil^rLpLeed 
effective in turning the compass needle, m the plane of the earth’s 
The needle itself remains horizontal, field, 

because it is ordinarily adjusted in a stirrup or on a needle 
point until it assumes a horizontal position. 

If a needle is carefully balanced (Fig. 342) so that it is free to 
rotate in a vertical plane and is then magnetized, it will be found 
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that in the northern hemisphere the N-pole of the needle dips 
downward and in the southern henoisphere the S~pole dips down- 
ward. The earth’s magnetic field is, therefore, inclined to the 
horizontal, and the amount of this inclination varies from point 
to point on the surface of the earth. 

385. Declination. — ^The early users of the compass were aware 
that it did not al-ways point exactly north and south, but that the 
direction of the needle changed as it was moved from point to 
point on the surface of the earth. The reason for this variation 
lies in the fact that the earth’s magnetic poles do not coincide 
with the geographical poles (Fig. 341). There are also local 
causes that influence the direction in which the compass needle 
points. The number of degrees between the true north and 
south line and the axis of the needle is called the declination of 
the needle. To determine the declination at any place, it is first 
necessary to determine the geographical meridian and then the 
magnetic meridian. The former is determined from astronomical 
observations and the latter by noting the direction in -which 
the axis of a compass needle points at that place. The angle 
between these two directions is the declination of the compass 
needle at that place. 

386. Magnetic Dip. — -The angle which a magnetic needle free 
to move about a horizontal axis pointing east and west (Fig. 342) 
makes with the horizontal is called the angle of dip. This angle 
varies from place to place on the earth. At the earth’s magnetic 
equator it is zero and at the earth’s magnetic north pole it is 
90 deg. This angle is measured by means of a dip circle. This 
consists of a vertical circle at the center of which is suspended a 
magnetic needle so that it is free to rotate about a horizontal axis. 
When the plane of the circle is placed in the magnetic meridian, 
the magnetic needle dips below the horizontal. The angle of this 
dip is read on the divided circle. 

387. The Variation of the Earth’s Magnetic Field. — The earth’s magnetic 
field is not a fixed quantity. It changes in both magnitude and direction 
There is a cyclic change in the magnetic declination. This change has a 
period of approximately 960 years. Such a change is known as a secular 
change. There is also a change from year to year in the magnetic declina- 
tion. This change is known as an annual variation. In addition to these 
two changes, there is a variation from day to day. This diurnal variation 
is small, but it can be detected by delicate magnetic instruments. There 
is also a correlation between the erratic variations in the earth’s magnetic 
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field and sun-spot actmty. In other words, sun-spot activity is frequently 
tieeompanied by magnetic storms on the earth. The magnetic field on the 
sun is miieh stronger than it is on the earth. It is appro.ximatcdy 250 times 
as much on the sun as it is on the earth. The horizontal component of the 



earth’s magnetic field is about 0.2 oersted, but on the sun it is about 50 oer- 
steds. In the region of a large sun spot, the magnetic field on the sun may 
be as much as 3,500 or 4,000 oersteds. 

388. Magnetic Survey of the Earth. — An intensive study of terrestrial 
magnetism is now being made by the Department of Terrestrial Magnetism 


Carnegie Institution of Washington.) 
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of the Carnegie Institution of Washington. Such an intensive study is 
essential for an understanding of the causes and effects of the magnetlsni 
of the earth. 

Continuous ohser^^ations extending over many years are being carried ouf 
at a large number of fixed stations. These stations are distributed on both 
land and sea in such a way as to give data on the magnetic elements at 
the greatest possible number of widely distributed points on the surface of 
the earth. At these stations, observations on the magnetic declination, dip, 
and horizontal intensity are made with great precision. The results can be 
represented for convenience by means of maps on which lines are dra\Mi 

through the points for which a par> 
ticular magnetic element has the 
same value. Isogonal lines are lines 
'passing through those points for which 
the magnetic declination has the same 
value. Figure 343 gives the distribu- 
tion of these isogonic lines for the 
year 1930. Those lines for which tk 
magnetic dip has the same value at 
every point are called isocUnals. The 
line where the magnetic dip is zero is 
the magnetic equator. It follows the 
general course of the geographic 
equator. 

To make accurate observations 
possible under such widely different 
conditions has required the develop- 
ment of very special instruments by 
the Department of Terrestrial Mag- 
netism of the Carnegie Institution. 
Figure 344 shows a type of dip circle 
used in the Arctic and Antarctic for 
observing magnetic dip, total inten- 
sity, and declination. All screw^s and 
parts turned by the hand are provided with celluloid caps to prevent the 
observer from freezing his fingers where they would otherwise come in con- 
tact with metals at low temperatures. 



1 


! 


Fig. 344. — Dip circle as modified by 
the Department of Terrestrial Magnet- 
ism. Carnegie Institution of W ashington. 
(Note celluloid caps on parts to be 
touched with the hands to prevent 
freezing of fingers.) 


389, Classes of Magnetic Substances. — From the point of 
view of their magnetic properties/ bodies are divided into three 
groups: ferromagnetic, paramagnetic, and diamagnetic. Ferro- 
magnetic substances include those substances whose intensity 
of magnetization at saturation is of the same order of magnitude 
as that of iron. In this group are included substances like iron, 
nickel, cobalt, and Heusler alloys. Paramagnetic substances 
become feebly magnetized in the direction of the magnetic 
field. Among the paramagnetic bodies are found oxygen, 
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palladium, manganese, and the salts of various metals. In a 
magnetic field such substances set themselves so that the longer 
axis is in the direction of the magnetic field. Diamagnetic sub- 
stances include the greater number of simple bodies and chemical 
compounds. Bismuth is the best illustration of this group of 
bodies. When a diamagnetic body is placed in a nonuniform 
magnetic field, it tends to move from the stronger to the weaker 
magnetic field and if it is free to rotate, it turns so that the longer 
axis is perpendicular to the magnetic field (Fig. 345). 

390. Molecular Theory of Magnetism. — Every substance 
which is capable of being rendered a magnet consists of a very 
large number of small parts which 
are very small magnets. These 
parts are sometimes called molec- 
ular magnets, for they are prob- 
ably no larger than the molecules 
out of which the substances are 
made. When the substance is un- 
magnetized, these molecular mag- 
nets are not arranged in any 
particular direction but are oriented 
indiscriminately. When the sub- 
stance is magnetized, a larger num- 
ber of these little magnets are made 
to point along the axis of the 
magnet than point in any other direction. In the interior of the 
magnet, the little north poles lie so close to the little south poles 
that each destroys the influence of the other. At one end of the 
bar are free north poles, and at the other end are free south poles. 
The sum of all these little north poles makes the N-pole of the 
magnet, and the sum of all the little south poles makes the S-pole 
of the magnet. 



'Bismuth 



(a) 

Fig. 345. — Diamagnetic sub- 
stances such as bismuth set the 
long axis perpendicular to the 
magnetic field. 


Take a knitting needle which has been magnetized and after marking 
its north pole break it into two nearly equal parts. Suspend each of these 
parts in turn and test their polarity. It will be found that each part has 
become a magnet and that two new poles, an N-pole and an S-pole have been 
developed by breaking the magnet. A further breaking wdll produce addi- 
tional poles, and this process may be continued until the magnets become 
as short as we please. It would seem from such an experiment that a 
magnet is made up of a large number of very small magnets which are 
directed along the axis of the magnet. 
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391. Electron Theory of Magnetism. — In a later chapter it will be seen 
that a magnetic field surrounds an electric current. Starting from this 
observation Ampere proposed a theory of magnetism which assumed that 
circular electric currents are flowing in small closed paths of molecules. 
This theory merely accounts for the presence of the elementary magnets 
assumed in the preceding section and really states that each molecule is an 
elementary magnet owing to the fact that small electric currents are, in 
some way, flovdng around it. Now the modern electron theory of matter 
assumes that each atom consists of a nucleus of positive electricity about 
which negatively charged particles are moving. These mo^dng negatively 
charged particles called electrons are equivalent to the electrical currents 
which Ampere assumed to flow in the molecules and to give rise to the 
elementary magnets which were postulated in the molecular theory of 
magnetism. 

% 

392. Magnetic Induction. — ^When a bar magnet is placed near a 
piece of unmagnetized iron^ the elementary magnets in the iron 
tend to arrange themselves, so that all the N-poles point in one 
direction and all the S-poles in the opposite direction. The piece 
of iron thus becomes a magnet so long as it is in the presence of 
the permanent bar magnet. South-seeking poles are produced 
near the north-seeking pole of the bar magnet and north-seeking 
poles at the other end of the piece of soft iron. This process of 
magnetization is known as magnetization by induction. 

If a piece of soft iron is held in the direc^tion of the earth’s magnetic iSeld 
and jarred by hitting it with a hammer, it will become magnetized. The 
lower end will be a north-seeking pole and the upper end a south-seeking 
pole. When objects made of iron stand for a long time in the magnetic 
field of the earth, they also become magnetized. For example, the water 
pipes in a house are usually magnetized. These are 'all cases of magnetiza- 
tion by induction; that is, magnetization by the orientation of the elemen- 
tary magnets in the soft iron due to the action of some external magnetic 
field. 

As soon as the soft iron is taken out of the magnetic field which has 
produced the induced magnetization, the elementary magnets in the soft 
iron rearrange themselves irregularly and nearly all the induced magnetism 
disappears. Large masses of iron or very long pieces of iron or steel retain 
their induced magnetism better than do small pieces. To make what Ls 
called a permanent magnet,' the steel is first tempered until it is quite hard 
and brittle. If it is then magnetized by induction in a strong magnetic 
field, it retains a much greater percentage of the induced magnetism than 
does a piece of soft iron. For this reason it inay be regarded as a permaneini 
magnet. 

Problems 

1. The magnetic declination in Oregon is 20°E. How far from a true 
north course would a flyer be after traveling 100 miles following the oompass 
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without making a correction for declination? Would he be east or west of 
his course? 

2. A unit magnetic pole is placed 8 cm. from a pole of unknown strength, 
and a force of 320 dynes is observed. WTiat is the strength of the unknown 
pole? 

3. Two magnetic poles have strengths of 4-40 and -90 units, respec- 
tively. At what distance in air will the force of attraction between them 
be 1 dyne? 

4. A long bar of cobalt steel with a mass of 3.5 g. when placed horizontally 
over a similar bar, both being equally magnetized, remains suspended at a 
distance of 0.8 cm. above it. What is the pole strength at each end of each 
bar? 

5. A magnet with poles of 480 units separated by a distance of 5 cm. is 
placed in a uniform field with an intensity of 3,000 lines per square centi- 
meter, so that the magnet is at right angles to the lines of force. What 
torque does the field exert on the magnet? 

6. Find the direction and magnitude of the force on a unit pole placed 
at a point 5 cm. away from each of the two poles of a magnet 6 cm. long, if 
the magnet has a pole strength of 120 units. 

7. A pole of 4-15 units (N.) is placed at a distance of 12 cm. from a pole 
of -60 units (S.). How far from the N-pole, on a line drawn through the 
two poles, will the combined field be zero? 

8. At a place where the horizontal component of the earth’s field is 0.20, 
a bar magnet 8 cm. long with a pole strength of 36 units is placed horizon- 
tally at right angles with the earth’s field, wdth its N-pole pointing toward 
the w^est. Find the direction and intensity of the field at a point 10 cm. 
west of the N-pole of the magnet. 

9. A bar magnet is 10 cm. long, and each pole has a strength of 25 unit 
poles. Find the intensity of the magnetic field at a point 20 cm. from 
the S-pole, the distance from the pole to be measured at right angles to the 
axis of the magnet. 

10. What is the intensity of the magnetic field at a point 50 cm. from the 
center of a magnet which is 12 cm. long? The pole strength of the magnet 
is 160 units and the point lies on the perpendicular bisector of the line 
joining the poles. 

11. A bar magnet 12 cm. long and with a pole strength of 48 units is placed 
horizontally at right angles to the earth’s magnetic field wdth its north pole 
pointing west. Find the intensity and direction of the magnetic field at a 
point 20 cm. west of the N-pole. Take the horizontal component of the 
earth’s magnetic field as 0.20 oersted. 

12. A bar magnet has a pole strength of 400 units. The distance between 
the poles is 15 cm. Find the force on unit magnetic pole at distance of 
30 cm. from each pole. 

13. What torque is necessary to hold the axis of a magnet at an angle 
of 30 deg. with the magnetic meridian where the horizontal component of 
the earth’s magnetic field is 0.20 oersted? The length of the magnet is 
20 cm. and its pole strength is 40 units. 
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393. Two Kinds of Electricity. — If a pith ball is hung from a 
support by a silk thread, and a rubber rod which has been electri- 
fied by stroking it with cat’s fur is brought near it, the pith ball 
is at first attracted to the rod. If the pith ball is allowed to 
come in contact mth the rod, it is then found that the ball fe 
repelled by the rod. When a glass rod which has been rubbed 
with silk is brought near the same pith ball carrying the .charge 
which it received from the rubber rod, the charged pith ball is 
attracted by .the electrified glass rod. There are then two states 
of electrification, or, as is usually said, two kinds of electricity; 
that which appears on an ebonite rod when rubbed with cat’s 
fur and that which appears on a glass rod rubbed with silk. 
These charges differ in one important respect. Charges whi4 
are alike repel each other, and charges which are unlike attract 
each other. That kind of electricity which appears on a glass 
rod that has been rubbed with silk is called positive electricity 

and the kind which appears on 
an ebonite rod rubbed wit^ 
cat’s fur is called negative 
Fig. 346. — ^Law of electric force between electricity. 

394. Law of Electric Force. 

If two 0oint charges of electricity of opposite kind are in the 
neighborhood of each other (Fig. 346), they will exert attractive 
forces oh each other. If they are of the same kind, they will exert 
repulsive forces on each other. The force which one exerts on the 
other is determined by the distance between the charges and 
the magnitude of the charges. Experiments have shovui that 
the force is inversely proportional to the square of the distance 
between the charges and directly proportional to the product of 
the charges. Thus, 

F = 
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-Lines of force about unlike 
These lines show the direction 
a free positive charge would 


where F is the force B exerts on .4 and also the force which .4 
exerts on d is the distance between the charges, and Qa and qs 
are the charges of electricity located at .4 and B, respectively. If 
these charges are alike, that is, both positive or both negative, the 
force will be a repulsion pushing the charges apart. If the 
charges are unlike, that is, one positive and the other negative, 
the force wiU be an attraction 
puiiing the charges together. 

This law of force gives a con- 
venient method of defining the 
unit of electrostatic charge. 

Unit electrostatic charge is 
defined to be that charge which, 
when placed 1 cm. from an 
equal charge of like sign in a 
vacuum, will repel it with a 
force of 1 dyne; sometimes 
called a statcoulomb. 

395. Electrical Field of Force. — It has just been seen that if 
one charged body is brought into the neighborhood of another, 
there is a force of attraction or repulsion between them and that 
this force depends on the. distance between the bodies, being 
greatest where the distances are least and least where the dis- 
tances are greatest. However great the distance, there is always 

some force from a charged body 
though this force may be very 
small. The region surroimding 
one or more charged bodies is 
known as the electrostatic field. 
It is frequently represented by 
drawing lines which represent 
the direction in which the force 
on a positive charge acts at 
different points in the neigh- 
borhood of the bodies. Such 
lines are called lines of force. They show the direction in which 
a positive charge would move if it were placed in the field of force. 
Lines shovung the field of force due to two unlike charges and to 
two like charges are shown in Figs. 347 and 348, respectively. 

The intensity of an electric fileld is determined by the force 
which unit positive charge experiences when placed in it. Sup- 



Fig, 


34S. — Lines of force between like 
charges. 
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Fig. 349. — Definition of intensity 
of an electric field. 


pose that 4 (Fig. 349) is a charged sphere having an electrostatic 
field about it. The intensity of this field at P is the force which 
W'ould be required to hold urdt positive charge in position at P. 
The force on q units of electricity at P would be q times as great as 
the force on unit charge. If E denotes the intensity of the elec- 
tric field at P, and q the number of unit charges located at P, then 
^ the force F on this charge is 

F = Eq dynes. 

An electrostatic field has an 
intensity of unity when it exerts a 

Fig. 349. — Definition of intensity 1 

of an electric field. of 1 dyne On unit charge at 

that point. 

396. The Electron. — The preceding elementary experiments 
indicated that there are two kinds of electricity — positive and 
negative. These two kinds of electricity are the most important 
entities in nature, for every atom is built up of a certain number of 
positive units of electricity together with an equal number of units 
of negative electricity. It is a matter of first importance, that 
negative electricity is found in matter in very definite, small, indi- 
visible units. It is possible to have any number of these units, 
but it is never possible to subdivide one. This is analogous to a 
monetary system in which the money is made up of a large 
number of small units, the smallest in America being a penny. 
But there can be no subdivision of the penny. This requires us to 
think of electricity as granular in its structure. The size of the 
units is extremely small. The grains are very fine but are all the 
same size and absolutely indivisible. This result has been 
arrived at by most careful experiments which have confirmed one 
another in every particular. 

It is not possible to have electricity apart from matter, and this 
elementary charge is always associated with matter. It has been 
most carefully studied in the case of negative electricity, for 
we know much more about negative than about positive elec- 
tricity. It is found that with this elementary charge of negative 
electricity is always associated a mass which is 1/1,845 of the 
mass of a hydrogen atom. This elementary charge of negative 
electricity has been named the electron. In whatever kind of 
atom it is found, it always has the same mass and the same 
charge. In this respect, it differs much from atoms, which differ 
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from substance to substance, existing in about one hundred 
different varieties. Means have been found for detaching elec- 
trons from a great number of different kinds of atoms and care- 
fully measuring their mass and their charge, so that it becomes 
possible to say that one of the important constituents of all 
matter is the electron which is common to all kinds of atoms and 
is of unvarying charge and mass. The charge on the electron is 
extremely small, so small that the early theories of electricity 
regarded electricity as a continuous fluid. 

397. Positive and Negative Charges. — The only way to charge 
a body negatively is to add some electrons to it, and the only 
way to charge it positively is to take away some electrons, 
leaving an excess of positive electricity. Each atom in the 
normal state contains enough positive electricity just to balance 
the negative electricity on its electrons. Positive electricity 
never leaves the atom, but negative electricity, f.e., electrons, 
may be taken away from the atom or added to it. In the 
former case, the atom becomes charged positively and, in the 
latter case, it becomes charged negatively. To charge a body 
positively, then, is to take away some of its electrons, and 
to charge it negatively is to give to it some additional electrons. 
The negative electricity is as mobile as the electrons. The 
positive electricity is as mobile as the atoms. The transfer 
of positive electricity is always associated with the transfer of 
some kind of matter. When the rubber rod was charged nega- 
tively by rubbing vith caPs fur, some electrons passed from 
the caps fur to the rubber rod, leaving the cat^s fur charged 
positively and the rubber charged negatively. On the other 
hand, when the glass rod was charged positively by rubbing vdth 
silk, some electrons passed from the glass to the silk, leaving the 
glass rod charged positively and the silk charged negatively. 

In the normal condition, the amount of positive electricity 
in the atom is just equal to the amount of negative electricity 
on all its electrons. One or more of these electrons may be 
detached from the atom, leaving it with an excess of one or 
more positive charges of electricity. In such a case, the residue 
which is left after detaching these electrons is what is called a 
positively charged ion. On the other hand, an atom may 
gain one or more electrons in excess of its quota. It has on 
it then one or more negative charges and becomes a negatively 
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charged ion. For example, when hydrochloric acid dissociate^ 
in solution to form hydrogen ions and chlorine ions, the chlorine 
takes one more electron than its normal quota, thus giving it one 
negative charge and making it a negatively charged ion. Since 
the molecule of hydrochloric acid is originally neutral, the hydro- 
gen is left with one less electron than its quota and is thus 
charged positively and becomes a positive ion. 

398. Conductors and Insulators. — The electrons are more or 
less loosely bound to their parent atoms. In some atoms the 
forces holding the electrons to the atoms are not very large, and 
some of the electrons may be detached temporarily from the 
atoms and "wander about in the vacant space between the atoms. 

Thus, in copper and silver some of the 
-my// electrons become detached from the 

atoms and are free to wander about for 
/nsafcrfor longer or shorter times in the interstices 
between the atoms. Under the action of 
^ an electric force, these electrons migrate 

<onc(ucfor i^i^rough the metal. Such substances in 
which there are free electrons which can 
Fig. 350.— Use of conductors be made to migrate through the sub- 
and insulators. Stance Under the action of an impressed 

electric force are called conductors. To this class of bodies 
belong the metals. 

If the electrons are more rigidly bound to the atom so that they 
do not become free except under the action of very large forces, 
no free electrons will be found in the vacant sp'aces between the 
atoms. If an electric force is applied to such a substance, it 
cannot cause the electrons to migrate through the substance, and 
there is no flow of electrons from one part of the substance to the 
other. If an excess number of electrons be placed on one part 
of such a substance, they will remain there without wandering 
to other parts of the body. The most that an impressed electric 
force can do in such a case is to cause a limited displacement of 
the electrons within the atom without causmg the electrons to 
migrate from atom to atom. Such substances in which the 
electrons are rigidly bound to the atom and which do not, there- 
fore, have the power to transfer electrons through themselves 
are called nonconductors or insulators. To this class of sub- 
stances belong mica, porcelain, quartz, glass, wood, ebonite, 
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etc. Figure 350 is an illustration of the use of conductors and 
insulators. 

399. Electrostatic Induction. — If an uncharged conductor B 
(Fig. 351) is brought into the field of force of a conductor .4, 
charged positively, that is, a conductor in -which there is a deficit 
i)f electrons, the attractive forces due to the excess positive 
charges in .4 will cause the electrons in B to be pulled toward C, 



Fig. 351. — Electrostatic induction. Opposite charges are produced at C and 2> 

by induction. 

leaving the farther end of B with a deficit of electrons and, there- 
fore, charged positively, while that end of B nearest A is charged 
negatively. Since B was originally uncharged, that is, contained 
as much positive as negative electricity, this displacement of 
electrons will still leave it mth as much positive as negative 
electricity on it, no charges of either kind ha\dng been added to 




ia) ib) 

Fig. 352. — The earth is charged negatively by induction, (o) bj’ a positively 
charged sphere; (5) by a positively charged antenna. 

it. Hence, the positive charge on one end is just equal to the 
negative charge on the other end. 

If the conductor B is connected to the earth by means of a 
vire, enough electrons come from the earth to the conductor B 
to neutralize the positive charge at B. Meanwhile the elec- 
trons on the other end C are held fast by the attractive forces due 
to the positive charges on A. If the connection to the earth is 
now broken, and B then removed from the presence of A, it 
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vnllj of course, have an excess of electrons and so be charged 
negatively. If B is now connected again to the earth, this excess 
of electrons will flow to the earth, leaving B uncharged. A 
charged sphere in the neighborhood of the surface of the earth 
(Fig. 352a) induces a charge on the surface of the earth below it. 
A charged antenna in the neighborhood of the surface of the 
earth (Fig. 3525) has a similar effect. 



Fig. 353. — Induction in a hollow sphere. Charge inside the cavity is equal to 
the charge on A. 


Another illustration of electrostatic induction is seen in Fig. 
353. If a metal sphere, charged positively, is introduced into an 
uncharged hollow^ sphere which is insulated, some of the electrons 
of the hollow sphere are drawn to its inner surface, lea\ing 
the outer surface charged positively. If now the metal sphere 
A is placed in contact with the inner surface of the hollow sphere, 
the electrons from the inner surface of the hollow sphere go over 

to the sphere A and just compensate 
the deficit of electrons which caused its 
positive charge. This leaves both the 

I sphere A and the inner surface of 

the hollow sphere without a charge. 

Fig. 354. — An electroph- \ ^ 

orus. A charge is induced The OUter SUrface of the holloW' sphere 

on the metal plate by the electrons and is, therefore, 

charge on the ebonite plate. ’ 

charged positively. If the outer surface 
is now connected to the earth, it will gain a sufficient number of 
electrons to compensate for its deficit and it will be left without 
charge. 

If the ebonite plate (Fig. 354) is charged by rubbing it with 
a suitable substance, a charge of electricity may be induced in 
the metal plate above it. Proper precautions must be taken to 
ground the plate correctly. 

400. The Electroscope, — One form of gold-leaf electroscope 
consists of a metal sphere (Fig. 355) which is fastened by means 
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of a metal rod to two thin gold leaves. The metal rod passes 
through a sulphur plug by which it is insulated from the glass 
jar in which the leaves are mounted. \Vhen the brass sphere 
and the leaves are uncharged, the leaves collapse and hang 
together. When some electrons are removed from the sphere, 
leaving the sphere and the leaves charged positively, the leaves 
diverge because of the repulsion between the like positive charges 
on them. If part of the positive charge is 
neutralized by adding some electrons, the 
gold leaves partly collapse. If all of the 
positive charge is neutralized, the leaves 
collapse completely. If an excess of electrons 
is now added to the sphere, electrons will 
move to the leaves charging them with nega- 
tive electricity. This causes the leaves again 
to diverge because of the repulsive forces 
between the like charges. 

401 . Lightning. — ^Lightning results from a case of 
electrostatic induction on a very large scale. There 
is present in the atmosphere a number of electrons 
which have become freed from their parent atoms in 
various ways. These electrons furnish nuclei about 
which the water vapor in the air can condense. As 
this condensation progresses and the cloud accumu- 
lates, there is . collected together not only a large 
quantity of water but also ^ large quantity of elec- 
tricity. When a cloud thus charged comes near the surface of the 
earth, an electric charge of opposite sign is induced in the surface of 
the earth due to the repulsion of electrons from the surface, leaving the 
earth charged positively. The positive charge on the earth and the negative 
charge on the cloud try to rush together through the air. WTien this dis- 
ruptive discharge occurs, there is a flash of lightning with accompanying 
thunder. This is the simplest possible case. Discharges from cloud to 
cloud also occur, and in some cases the cloud may be charged positively 
instead of negatively. With high-voltage transformers or other sources 
of high voltage it is possible to produce artificial lightning (Figs. 356a, 6, 
and c). 

402 . Surface Density. — If a sphere be charged with Q units of electricity, 
the electricity spreads over the entire surface of the sphere. The amount 
of electricity per unit area in such a case is knowm as the surface density. 
In the case of a sphere, the surface density is uniform and given by the 
expression, 


Sphere 
r Sulphur 

' 6/ass Jar 



Fig. 355. — Gold-leaf 
electroscope. The 
leaves are repelled 
when charged but col- 
lapse when the charge 
escapes. 


Q 
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where a- = the surface density = the charge per unit area. 
R = the radius of the sphere. 

Q = the total charge on the sphere. 



If the cur\'ature of the surface varies from point to point, the surface 
density is not uniform over the entire surface. 

Where the surface has the greatest curvature, the 
surface density is the greatest. 

When a conductor terminates in a sharp point, 
the surface density at the point is so great that the 
molecules of air in the neighborhood of the point 


Fig. 356a. Fig. 3566. 

Fig. 3 5 6a. — Lightning discharge in the atmosphere. (Uriderwood and 
Underwood.) 

Fig. 3566. — Artificial lightning produced in the high-voltage laboratory of the 
General Electric Company. (JJ nderwood and Ufnderwood.) 



Fig. 356c. — A 60-cycle arc between points 25 ft. apart; 2,000,000 volts were 
required to arc this distance. Current in the arc was about 1.5 amp. and the 
duration of the arc about 2 sec. {Courtesy J'. A. Carroll^ Stanford University.) 

become charged with electricity. Since like charges repel each other, 
the charged molecules of air are repelled from the point. These molecules 
carry away the charges from the point, and the body to which the point is 
attached is discharged. 
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If a positively charged insulated sphere L iFig. 357) is brought near a 
iKHiy M on which there is a pointed conductor, the point becomes charged 
with negative electricity by induction. This 
flectricity is conducted away by a stream of 
air which flows from 3/ to L, and in the 
vnd the body M is charged with positive 
elect ricity. 

The fact that charged points allow the 
electricity to escape from them is used in 
electrostatic machines (Fig. 358), where rows 
uf metallic points are used to conduct electricity from moving to flxed parts 
of the machine. This fact is also important in the design of lightning rods. 



Fig. 


Jnsutaied 
Sphere 

357. — Discharge of elec- 
tricity from points. 




Fig. 359.- -Corona discharge, near arcing voltage. {Courtesy General Electric 

Company.) 


The pointed conductors on the rod bring about a silent and gradual discharge 
from the rod to the clouds. The escape of electricity from these points pre- 
vents the accumulation of enough electricity on the building on wliich the 
lightning rod is mounted to result in a dangerous disruptive discharge. 
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When voltages are very high there is a corona discharge (Fig. 359) around 
a conductor. 

403. Difference of Potential. — If a sphere (Fig. 360) has had 
removed from it a given number of electrons so that it is charged 
positively, and it is desired to carry away from it more negative 
electricity, the positive charge on the sphere attracts the nega- 
tive charge which is being removed so that work must be per- 
formed to remove the negative electricity from the positive. 
If, on the other hand, there is on the sphere an excess of electrons 
so that it is charged negatively and it is desired to bring up 
additional electrons, the negative electricity on the sphere 
^ ^ repels the negative charge on the electrons, 

Q making it necessary to perform work to bring 
up the additional charge. Since the force 
which one charge exerts on another increases as 
either of the charges is increased, the amount of 
work necessary to bring up an additional charge 
+ ^ depends on the amount of charge already nre- 
tial at the surface of sent on the Sphere. As more and more charge 
a sphere equals work is added to the Sphere, it requires more and 

uXpoSivl°ehargl work to bring up additional charges of 

from infinity to the electricity of the same kind. When it requires 
work to carry a charge from one body to another, 
or when work is done in allowing a charge to pass from one body 
to another, these bodies are said to differ in potential, and the 
work is used as a measure of this difference of potential. If work 
is obtained when a unit of negative electricity is carried from B to 
A, then the potential of A is said to be greater than that of B. 
If, on the other hand, work must be done in carrying a unit of 
negative electricity from jB to A, then A is said to have a potential 
which is less than that of B. 

404. Electrostatic Unit of Difference of Potential. — When one 
erg of work is done in moving one electrostatic unit of positive 
charge from one point to the other, the difference of potential 
between the two points is one electrostatic unit of difference of 
potential. It is sometimes called a statvolt. 

405. Concentric Spheres. — In Fig. 361 are represented two 
concentric spheres A and B, The outer sphere is connected to 
earth and the inner sphere is charged with . positive electricity 
The outer sphere is then charged with an equal amount of nega- 
tive electricity. Electrons will be repelled by B and attracted 
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by A, and hence go from B to .4 ’^vith the performance of work. 
The potential of A is, therefore, higher than that of B, The 
difference of potential between these spheres is measured by the 
work required to carry unit charge from one to the other. If 
the quantity of electricity on .4 and B is increased, the difference 
of potential between these spheres will be increased, because the 
potential is proportional to the charge. If 
the radii of the spheres become more and 
more nearly equal, the difference in poten- 
tial becomes less and less for a given 
charge on the spheres. By inserting some 
medium other than air between the 
spheres, the difference of potential between 
them may also be changed. Hence, the 
difference in potential between the spheres 
for a given charge of electricity depends 
on the distance between their surfaces, the area of the spheres, 

and the medium which fills the 
, space between them. 

406. Potential at a Point — 
In the vicinity of a small 

XT 1 + • . .3 . charged body, there exists an 

Fig. 362. — Potential at a point due to ^ ^ 

a charged sphere. V = Q/R ^ work to Electric neld Whose direction IS 
bring a unit positive charge from infinity the direction of the radii of the 

sphere -nith the small body at 
its center. The intensity of this field at a point P (Fig. 362) is 



Earth 


Fig. 361. — Difference of 
potential between concen- 
tric spheres. 



R 


given by the equation 




where Q — the charge on the body. 

R = the distance from the body to P, 
F = the force on unit charge at P. 


The work necessary to move unit charge from the point P' to 
some other point P can be calculated, but since the force varies 
with the distance this computation requires the use of the cal- 
culus. The work to bring unit charge from any point at zero 
potential — practically the surface of the earth — to the point P, 
which is at a distance R from the charge Q, can be shown to be 
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This work is defined as the potential at the point P due to the 
charge Q ; that is, the potential at a point in an electric field is the 
work necessary to bring unit charge from an infinite distance to 
that point. In the c.g.s. electrostatic system of units, this work 
is measured in ergs per electrostatic unit of charge (Appendix 
E-8). 


Example.-^A small charged sphere has on it 10 statcoulonibs of electricity. 
Find the potential at a point 20 cm. from this charged sphere. 

Potential at a point = 

distance 


- § = 

" R 20 


0.5 statvolts. 


407. Energy to Charge a Conductor. — By definition, the potential V of a 
conductor is the work required to carry unit charge from a point where the 
potential is zero to the conductor whose potential is V. When q units of 
electricity are carried to the conductor from the place where the potential 
is zero, 

Work — V X q. 

If initially the conductor is uncharged, its potential is also zero, and the 
work to carry unit charge to it is zero; i.e.. 

Work = 0 X 

As the charge on the conductor increases, its potential is gradually 
raised from 0 to the final value F. The average value of the potential of 
the conductor during the charging is 

Average value of potential = 


If Q units of electricity are on the conductor when its potential has become 
T^, the work to charge it to that potential is 

'Work — Q X (average potential) 

2 


where Q = the final charge on the conductor. 

V = the final potential of the conductor. 

(Appendix E-9.) 

408. Atmospheric Electricity. — The electrical conditions over the surface 
of the earth play an important part, in meteorological phenomena. On a 
clear day the surface of a level field, freely exposed to the sky, is negatively 
charged so that there is an electrical force tending to move a positively 
charged body in the atmosphere downward. The force on unit positive 
charge is known as the potential gradient. In good weather it is of the 
order of 100 volts per meter. The potential gradient at the surface of the 
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earth is continually varying. In addition to local variations there are 
y^.ell-defined annual and diurnal variations which differ at different parts 
of the surface of the earth. As the height above the earth’s surface is 
increased, the potential gradient begins to diminish, and at a height of 
about 10 km. it becomes nearly independent of the height. This fact means 
that the lower atmosphere is positively charged with respect to the upper 
atmosphere. A careful study of the variations in the potential gradient 
in the atmosphere is being made by the Carnegie Institution of Washington. 



A.M. ^ P.M. 

Time, hours 


Fig. 363. — Variation of potential gradient in the atmosphere for different hours 

of the day. 

The diurnal variations of the potential gradient for two seasons of the year 
are shown in Fig. 363, 

The normal vertical field in the atmosphere tends to drive negatively 
charged bodies like electrons upward. The motion of these charged bodies 
constitutes an electric current which is a negative current from the earth to 
the atmosphere or a positive current in the opposite direction. The average 
current from the whole earth to the air amounts to about 1,000 amp. This 
current carries a positive charge to the earth or a negative charge away from 


F 



electrodes 

Fig. 364 — Piezo-electric cell. Pressure on the crystal produces an electromotive 

force. 

it. Since the earth maintains its negative charge in spite of this fact, there 
must be some compensating process which continually supplies a negative 
charge to the surface of the earth. 

During thunderstorms, the potential gradient at the ground may be either 
positive or negative. In such cases, the vertical electrical field may exceed 
10,000 volts per meter, and the current from the ground to the atmosphere 
or in the opposite direction is much greater than it is in fine weather. There 
ure three ways in w^hich a positive or negative charge may pass from the 
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atmosphere to the ground: (1) The rain or snow may be charged and carry a 
convection current. (2) A lightning discharge may pass between the cloud 
and the ground. (3) A continuous-conduction current due to the ionization 
of the atmosphere mat’ pass between the earth and the neighboring air. 
In order that there be a flash of lightning, the electric force near a thunder- 
cloud must have a value which approaches 30,000 volts per centimeter. 
This is a very large force compared to the largest force observed near the 
surface of the ground in fine weather. 

409. Piezo-electricity. — When certain crystals such as quartz or Rochelle 
salt are compressed, the opposite faces become charged with positive or 
negative electricity. If the crj’stal is elongated instead of compressed, the 
charges on the faces are reversed. Conversely when two opposite faces of 
such a crystal are charged oppositely, the crystal is compressed or elongated. 
If the opposite faces are alternately charged vuth positive and negative 
electricity, these faces oscillate with respect to each other. If such a 
crystal (Fig. 364) is suddenly deformed by applying an impulsive force F, 
the stresses due to the deformation of the crystal produce an instantaneous 
difference of potential between the faces of the cell. This difference of 
potential vill be indicated on the electrometer. It may amount to 
several hundred volts. Piezo-electric cells are used to regulate the fre- 
quency of high-frequency electric circuits. WThen the piezo-electric cell 
has the same natural frequency as that of the electric circuit, a condition of 
resonance is produced by which the frequency of the electric circuit is 
controlled. 

410, The Electric Current. — In a metal there is a large number 
of more or less free electrons which are capable of migrating 
through the metal under the action of an impressed electric 
force. When such an electric force is applied to the metal and a 
stream of these electrons migrates from one part of the metal to 
another, there is said to be an electric current in the conductor. 
This flow of electricity through a conductor is analogous to the 
flow of water through a pipe. A difference of pressure at the two 
ends of the pipe is necessary in order to maintain a flow of water, 
and, in like manner, a difference of electrical pressure or potential 
is necessary in order to maintain a flow of electricity in a con- 
ductor, that is, an electric current. 

Before the discovery of the electron, the convention w^as 
adopted of referring to an electric current as a flow of elec- 
tricity from the positive to the negative end of a conductor, or 
from the higher to the lower potential. By definition, then, the 
conventional current is said to flow from the positive terminal 
of the generator through the external circuit to the negative 
terminal of the source. This designation is usually retained, 
even though it is inexact. In liquid and gaseous conductors, 
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positively charged particles actually travel in the direction 
assigned to the conventional current, but electrons and negatively 
eiiarged particles travel in the opposite direction. In metallic 
conductors, on the other hand, no positive particles are free to 
move, and the entire transfer of charge is due to the motion of 
electrons in a direction opposite to that of the conventional 
current. Once this is understood, there need be no difficulty in 
remembering that a flow of electrons in a wire -is described by 
speaking of a conventional electric current with precisely the 
opposite direction. Since hke charges repel, electrons flow away 
from the negative terminal of a source. The direction designated 
as the direction of flow of current is that which would be taken by 
positive charges if they were free to move. 

The migration of electrons through wires occurs with great 
ease, and the very smallest electric pressures are sufficient to set 
the electrons in motion. On the other hand, the atoms in a 
metal are quite firmly fixed in position, with considerable vacant 
space between them. Whether the electrons pass directly from 
atom to atom or through the vacant spaces between the atoms, 
we do not know with certainty. When they hit the atoms, they 
set the latter into \dbration, thus increasing the average atomic 
motion and thereby increasing the temperature. It is known 
very definitely that the charges which move in a vdre are elec- 
trons, but no exact description of the motion can be given. The 
forces causing the motion may be due to chemical action in a 
battery, or to other types .of forces which will be studied in 
connection with the dynamo. 

Problems 

1. Two concentrated equal charges repel each other with a force of 320 
dynes at a distance of 4 cm. What is the amount of each charge? 

2. A small sphere is charged wuth 18 statcoulombs of negative electricity. 
Wlien another similar sphere is brought to a distance of 24 cm. from the 
first sphere, the second sphere is attracted with a force of 6 dynes. Find 
the charge on the second sphere. 

3 . Two small equally charged spheres, each with a mass of 0.15 g., are 
suspended from the same point by silk fibers 90 cm, long, and the repulsion 
between them keeps them 6 cm. apart. What is the charge on each sphere? 

4 . What is the potential energy of a charge of 40 statcoulombs which is 
at a distance of 25 cm. from a point charge of 25 statcoulombs? 

5. Find the potential at a point due to three charges of 20, 30, and 
40 statcoulombs which are at a distance of 10, 15, and 25 cm. from the given 
point. 
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6. A point charge of 40 stateouloinbs is placed at a distance of 20 cm, 
from a point charge of 30 stateoulombs. What is the potential energy of 
the system? 

7. Two points differ in potential by 750 stat volts. How many ergs of 
work are required to carry 20 stateoulombs from the point of lower to tin* 
point of higher potential? 

8. Three charges of 4-5, —5, and +5 stateoulombs are placed in the same 
straight line so that they are 10 cm. apart. WTiat force acts on each charge 
owing to the other two charges? 



CHAPTER XXXI\' 


MAGNETIC FIELDS AROUND ELECTRIC CURRENTS 

411. Magnetic Effect of an Electric Current. — In 1819. tin* 
Danish physicist, Hans Christian Oersted, discovered that when 
a vdve which is carrying an electric current is brought near a 
magnetic needle, as in Fig. 365a, there is a deflection of the needle 
such that it tends to set itself at right angles to the wire. Another 
way to describe this phenomenon is to say that an electric current 
flowing in a wire or the migration of a stream of electrons through 
a wire causes a magnetic field around the wire. Later, Rowiand 



Fig. 36oa Fig. 3655. 

Fig. 365«. — The deflection of a magnetic needle by an electric current. 
Deflection above and below the wire in opposite directions. 

Fig. 3655. — Magnetic lines of force around a conductor. Magnetic field 
decreases as the distance from the wire increases. 



found that an electric charge in motion is surrounded by a mag- 
netic field. Hence, wt come here upon a phenomenon of major 
importance, viz., an electric charge in motion produces a magnetic 
field around it. When the electric charge ceases to move, the 
magnetic field disappears. This phenomenon is one of the most 
fundamental relationships yet discovered between electricity and 
magnetism. 

To understand the relation of this magnetic field to the current 
which produces it, we may draw magnetic lines of force which by 
their direction and distribution wall represent the magnetic field 
produced by the current. Figure 3656 represents the magiretic 

365 
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delcl around a iong straight wire carrying a current of electricity 
The wire is assumed to be perpendicular to the plane of the 
paper. In Fig. 366, the wire is in the plane of the paper. If 
a compass needle is held above or below the wire, it points in a 
direction at right angles to the wrire. When the direction of the 
current in the wire is reversed the direction of the deflection of the 
magnetic needle is also reversed. The intensity of the magnetic 

DJrecfIgnof Direction of Dfrecffanaf 



Fig. 366. — Magnetic lines of force around a straight wire. The direction of 
motion of the electrons determines the direction of the magnetic field. 


field varies inversely as the distance from the wire in the case of a 
long straight we. For a circular loop Fig. 367 shows the way 
the lines of force are distributed. 

It is convenient to have a rule by which to remember the rela- 
tion between the direction of the current and the direction of the 
magnetic field which arises from it. The following handnile 
serves this purpose. Grasp the wire in which the current is 



Fig. 367. — Magnetic lines 
of force around a circular force. 

_ this J 

ventional or positive currentip 
direction to that in which me 
Hence, if the electronic ci'li 
should be used instead of In 
412. Definition of Hnit^^ 
currents it is necessary tr | 
units in terms of which' I fl T 
in use two systems of / tj H 
lute system. The prac’ f Jl Ji 


flow^ing -with the right hand, with the 
thumb lying along the wire and point- 
ing in the direction in which the con- 
ventional current is flowing; then, the 
fingers will point around the wire in the 
same direction as \he magnetic lines of 
force. Care must be taken in applying 
this /ule to remember that the con- 
t'ontjls I supposed to flow in the opposite 
^h ay electron current actually flows. 
o| is considered, the left hand 

I ^j/fpht hand (Appendix E-10). 
‘^..M^nt. — In order to compare electric 
agreement with respect to the 
I wl measured. There are 

I K m system and the abso- 

’Jrmt of current is called the ampere 
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and the absolute unit of current is called the abampere. To 
definite a unit of current it is necessary to select some effect which 
is produced by the electric current, and define the magnitude of 
the current in terms of this effect. For example, it will be seen 
later that an electric current produces a heating effect. This 
iieating effect might be used as a measure of the magnitude of the 
electric current and a unit current defined from this heating 
effect. In like manner, it will be seen that a current of electricity 
deposits a metal from an electrolytic solution. The amount of 
the metal deposited depends on the magnitude of the current 
and the time it flows. This effect may also be 
used as a means of measuring an electric cur- 
rent, and hence a unit electric current can be 
defined from the amount of metal deposited by 
a current of electricity in a given time. 

Neither of these effects furnishes the best 
method of defining a unit electric current. 

In the preceding section it was seen that an 
electric current produces a magnetic field 
around it and that the intensity of this magnetic 
field depends on the magnitude of the electric center of a circle of 
current. It is from the magnetic field produced 
by an electric current that the absolute unit of perpendicxiiar to the 
electric current is defined. circle. 

Consider a current flowing in a loop of wire bent in the form 
of a circle (Fig. 368). The magnetic field produced by this 
current is perpendicular to the plane of the circular loop. The 
intensity of the magnetic field at the center of the loop is pro- 
portional to the current in the loop and is inversely proportional 
to the radius of the loop. If unit magnetic pole is placed at the 
center of the loop which is carrying the current, it vill be acted 
on by a force perpendicular to the plane of the loop. The 
magnitude of this force is given by the equation, 

SttjT 

H = dynes per unit pole or oersteds, 

where I is the current in the loop, and a is the radius of the loop. 

Now, suppose the circular loop has a radius of 1 cm. and the 
current is such that the unit magnetic pole at the center of the 
loop has a force of 27 r dynes perpendicular to the plane of the loop 
acting on it. Then, 




368 


THE ELEMENTS OF PHYSICS 



An abampere or an absolute unit of current is that current 
which when flowing in a wire bent in the form of a circle with 
a radius of 1 cm. will produce a force of 2t dynes on unit pole 
at the center of the circle. Another form of this definition is: 
.An absolute unit of current is that current which when flowing 
in a wire bent in the form of an arc of a circle 1 cm. in length and 
1 cm. in radius will produce a magnetic field which exerts a force 



Fig. 369 . — Magnetic field at the center of a circular loop of wire. The direction 
of the field reverses with the reversal of the current. 


of 1 dyne on unit pole placed at the center of the arc. The 
distribution of the lines of force about a circular loop of wire is 
represented in Fig. 369. 

413. Ampere. — The practical unit of current, called the ampere, 
is defined as one-tenth of the absolute unit of current. Hence, 
10 amp. = 1 abamp. To calculate the number of absolute units 
of current dmde the number of amperes by 10. 

414. Unit of Quantity. — If water is flowing through a pipe, the 
quantity of water may be measured in gallons, but the current 
m^gt^Jpe expressed in gallons per second. The current is a 

pi the rate of flow of the water, but the quantity is the 
.ount of water transferred through the pipe, 
ar manner, the quantity of electricity must be dis- 
^^om the rate of flow of thd* electricity. In practical 
of flow of electricity is expressed in amperes. The 
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Hjrresponding unit of quantity of electricity is called a coulomb. 
The coulomb is defined as the quantity of electricity wliich is 
transferred by a current of 1 amp. in 1 sec. 

In absolute units, the rate of flow of electricity is expressed or 
measured in ahamperes. The corresponding unit of quantity 
is an abcoulomb. An abcoulomb is 
defined to be the quantity of electricity 
which is transferred by a current of 1 
abamp. in 1 sec. Ten.' coulombs of elec- 
tricity are equal to 1 abcoulomb, just as 
10 amp. are equal to 1 abamp. 

416. Magnetic Field around a Coil. — 

If a wire is bent in a spiral so that the 
successive turns have the same diameter, 



Fitx. 370. — Magnetic lines 

this spiral or helix is called a solenoid ^ 

'Fig. 370). The easiest way to make 

a solenoid is to wind the mre spirally around a cylinder. If 
a current is maintained in this coil, lines of force link the turns 
of ^ire as indicated in Fig. 370. Nearly all the lines of force will 
thread the entire coil and then return outside the coil to the 
other end of the solenoid. If a compass 
needle is brought near one end of such a 
closely wound solenoid when it is carry- 
ing a current, the coil will be seen to 
behave like a bar magnet. When the 
current in the solenoid is reversed, the 
poles of the magnet are reversed, and 
the direction in which the magnetm 
needle is deflected is reversed. 

The magnetic intensity in the inj 
of a solenoid whose length is 
comparison ^rith its cross section - 
found from the following equation: 

Awnl , j 
II = oersteds, 



Fig. 371. — Ring solenoid. 
Magnetic lines of force are 
entirely within the solenoid. 


10 


where n = the number of turns per cm. of length of the solenoid. 
7 = the current in amperes. 

This equation also givqi the magnetic field inside of a solenoid 
bent in the form of a .ring. The magnetic field in the case of a 
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ring solenoid (Fig. 371) is entirely confined to the closed space 
inside the turns of wire forming the ring. 



Example, — A solenoid which is 50 cm. long has 1,500 
turns of wire on it. What is the magnetic field in the 
inside of it, when it is carrying a current of 5 amp.? 

4xn7 


H 


H = 


10 

1,50 0 

50 

47r X 30 


30 turns per centimeter. 
X 5 


10 


= 188 oersteds. 


416. Moving-coil Galvanometer. — When a 
current flows in a coil of wire, the coil \flll 
exhibit most of the properties of a magnetic 
needle. If such a coil is suspended between the 
poles of a permanent magnet it tends to turn, 
so that the lines of force due to the coil and those due to the per- 
manent magnet will lie in the same direction. This gives a means 
of measuring a current by observing the deflection which it pro- 
duces when it is flowing in a coil of wire between the poles of a 


Fig. 372. — Mov- 
ing-coil galvanome- 
ter. The coil be- 
haves like a sus- 
pended magnet. 



Fig. 373. — D’Arsonval galvanometer. {Courtesy Leeds and Northrup Company.) 

magnet. The magnet NS (Fig. 372) is usually made in the shape 
of a horseshoe so that it will be as strong as possible. The coil is 
wound on a very light frame and is suspended by means of a verj^ 
fine phosphor-bronze wire between the poles of the magnet. The 
bottom of the coil is connected to a binding post by means of a 



MAGNETIC FIELDS AROUND ELECTRIC CURRENTS 371 


fine vnxe or ribbon wound in the form of a spiral. The current 
to be measured enters the coil through the wire by which it is 
suspended and leaves through the wire or ribbon spiral at the 
bottom of the coil. Of course, the direction of the current may 
be reversed. When there is no current in the coil of the gal- 
vanometer, the plane of the coil lies in the plane of the poles .V 
and S of the magnet. When a current is produced in the coil, 
it acts like a small magnet, with its axis perpendicular to the 
plane of the figure. The coil tries to 
turn itself, so* that its north pole 
points in the direction of the south 
pole of the permanent magnet and 
its south pole in the direction of the 
north pole of the permanent magnet. 

The coil turns until the restoring 
torque due to the torsion in the 
suspension is as great as the torque 
produced by the current in the coil. 

Then the coil comes to rest, and the 
amount which it has turned is a 
measure of the current in the coil. 

A mirror is fastened to the coil so 
that its deflection can be read vith 
accuracy. The deflection is nearly 

proportional to the current in the fig. 374.~a sensitive d’Arson- 

val galvanometer. {Courtesy 
Leeds and Northrop Company.) 

417. Ammeter. — The galvanom- 
eter just described is used to measure small currents. An im- 
portant modification of it is used to measure large currents. This 
modification is called an ammeter. The form in most common 
use (Fig. 375) consists of a coil of fine copper vdre wound on a light 
frame. This coil is like the coil of a moving-coil galvanometer, 
Instead of being suspended from a fine wire, it is mounted on 
jeweled bearings between the poles of a strong horseshoe magnet. 
When a current flows, the coil rotates betw^een the poles of the 
magnet. Two spiral springs, one at the top and the other at the 
bottom, carry the current into and out of the coil. They serve 
also to keep the coil in position between the poles of the magnet. 
To the coil is fastened a light pointer which moves over a scale 
and indicates the current in the ammeter. 
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Since it is desired to measure large currents with such an 
instrument, it is not possible to allow all the current to flow 
through the coil of fine wire. For this reason, there is placed 
between the binding posts a short thick piece of wire through 



which much of this current flow^s wdthout flowing through the 
movable coil. This heavy wire- or strip of metal is called a shunt 
Since the current flowing in the movable coil is ahvays a constant 
fraction of the whole current coming up to the binding post, the 



Fig. 376. — A voltmeter. The cmrrent in the moving coil indicates the voltage 
across the terminals of the instrument. 


pointer which is fastened to the movable coil can be made to 
indicate the entire current coming up to the instrimient. 

418. Voltmeter. — The voltmeter, which is used to measure elec- 
trical pressures, is very similar in construction to the ammeter; 
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it consists of a moving coil which is mounted between the poles 
of a horseshoe magnet (Fig. 376). Under the action of the cur- 
rent flovdng in the coil, the coil turns as in the ammeter and this 
rotation is indicated by the movement of a pointer. The 
voltmeter differs from the ammeter in one important particular. 
The amm eter has a low resistance and the voltmeter a high 
resistance. The ammeter is place d in s eries with the re sistance in 
which the current is to be determined. Whatever current goes 
through the resistance also goes through the anmieter. On the 
other hand, the voltmeter is placed in parallel with the resistance. 
It is desired that the fraction of the current which the voltmeter 
takes be as small as possible, so that the voltage indicated by the 
voltmeter be the true voltage across the resistance when the 
voltmeter is not in the circuit. For this reason, the voltmeter 
has a high resistance. To make its resistance large, a coil of 
high resistance is placed in series with the moving coil. 

Problems 

1. A certain current in a circular loop of wire with a diameter of 11 cm. 
produces a field strength of 8 oersteds at the center of the coil. How much 
current is flowing: (a) in amperes, (&) in absolute electromagnetic units of 
current? 

2. A coil with a total of 600 turns is wound on a cylinder 80 cm. long and 
1 cm. in diameter. What is the magnetic field intensity at the center of the 
coil w’hen it is carrying a current of 0.020 amp.? 

3. In two concentric solenoids the currents flow in opposite directions. 
The inner one has 300 turns per centimeter, and the outer one 160 turns per 
centimeter. WTiat current in the outer one will be necessarj' in order to 
have the field at the center zero when the inner coil is carrying 4 amp.? 

4 . Find the force on a pole of 120 units placed at the center of a circular 
loop with a radius of 8.8 cm. when a current of 5 amp. is flowing through the 
loop. 

6. What is the intensity of the magnetic field in a coil of wire wound in 
the form of a ring solenoid having 200 turns to the centimeter, when a 
current of 4.2 amp. is flowing through the coil? 

6. How many turns of wire must be placed on a solenoid 150 cm. long, in 
order that a current of 4 amp. may produce a magnetic field of 60 oersteds 
at its center? 

7. A cylindrical coil of 1,800 turns, 15 cm. in diameter and 180 cm. long, 
is placed with its axis parallel to the lines of the earth's field. If the latter 
has an intensity of 0.20 oersted, what current must flow through the coil in 
order to make the magnetic field at its center zero? 

8. A long straight wire carries a current of 10 amp. A magnetic pole of 
strength 15 is carried around the wire five times. How much work in ergs is 
done? (See Appendix 10.) 
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ELECTRICAL RESISTANCE AND OHM’S LAW 

419. Electrical Pressure. — In order to cause water to flow in 
a pipe, it is necessary to have a difference of pressure applied to 
the two ends of the pipe. This pressure may be obtained by 
means of water in a standpipe. The weight of the water in 
the standpipe develops the pressure which causes the water to 
flow. In order to cause a flow of electricity through a wire, it 
is necessary to have a difference of electrical pressure between 
the ends of the wire. This difference of electrical pressure bears 
the same relation to the flow of electricity that the difference 
in the hydrostatic pressure bears to the flow of water. In order 
to obtain a difference in electrical pressure, a number of methods 
have been adopted. The oldest and most familiar for small cur- 
rents is the use of a battery. The technical term for a difference 
of electrical pressure is difference __af.4ioj:fia^. A d^amo* 
battery, or other source capable of maintaining a difference of 
potential is said to have an electromotive force. 

420. Volt and Abvolt. — ^The unit in which the difference of 
potential or electromotive force is measured in the practical 
system of units is called the volt. In the absolute electromagnetic 
system of units, it is called the abvolt. In Sec. 404, it was seen 
that the difference of potential between two points in the electro- 
static system of units is the work required to carry 1 e.s.u. of 
positive charge from one point to another point against the elec- 
tric force, and that when 1 erg of work is required to carry 1 e.s.u. 
of positive electricity from one point to another against the 
electric forces, the difference of potential between these points 
is said to be 1 e.s.u. of difference of potential. 

The electromagnetic unit of difference of potential is defined in a 
similar way except that in this case 1 e.m.u. of charge must be 
carried from one point to the other, instead of 1 e.s.u. of charge. 
The abvolt is the absolute electromagnetic unit of difference of 
potential. It is defined as follows : An electromagnetic unit of 
difference of potential exists between two points when it requires 
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the expenditure of 1 erg of work to carry 1 e-m.u. of positive 
electricity from one point to the other against the electric force. 

This is a small unit of difference of potential. 

The volt is defined as 10® abvolts. It is the practical unit of 
difference of potential or electromotive force. The most con- 
venient and accurate standard in terms of which to specify 
difference of potential or electromotive force is a Weston standard 
cell which has a difference of potential of 1.0183 volts between 
its terminals (see Sec. 470). 

421. Electric Currents and Water Cur- 
rents. — ^There is a definite analogy be- 
tween the flow of w-ater in pipes and the 
flow of electricity. Consider Fig. 377, in 
which tw^o tall open vessels filled with 
water are connected with a pipe. A 
paddle wheel Tvhich is turned by a failing 
weight forces water from one of these 
vessels to the other until the back pres- 
sure becomes so great that the paddle 
wheel is unable to lift the water farther. 

In this case, the dhfference in pressure on 
the two sides of the paddle wheel just 
balances the tendency of the Tveight to 
produce rotation. This difference in 
level does not depend on the size or shape of the vessel but on 
the magnitude of the weight hanging from tha w'heel. This 
difference in level between the water in the vessels corresponds to 
the difference in potential or electrical pressure in the battery^ 

Let the vessels now be connected by a second pipe (Fig. 378). 
Water will be forced continuously through this pipe by the differ- 
ence in level between the water in the vessels. After this flow is 
established, the difference in the level is less than before the flow’ 
started. The decrease in back pressure against the w'heel being 
now’ reduced, the wheel is able to turn and force the w’ater through 
the circuit. The flow of water thus maintained corresponds to 
the flow of electricity in the electric circuit. The falling weight 
represents the chemical action in the cell w^hich.produces the elec- 
trical pressure driving the electricity around the circuit. The 
rate at wLich the water flows depends on the difference in pressure 
which the falhng weight can maintain. In like manner, the rate 



Fig. 377. — Pressure de- 
veloped by a water wheel 
when there is no flow of 
water. 
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at which electricity flows past any point in the circuit depend> 

on the electrical pressure which the battery can establish. Tlit* 

rate at which the water flows in the pipe depends also on tiit* 

resistance or opposition to flow whieli 

the water experiences in the pipe. In 

the same w^ay, the electrical current 

depends on the electrical resistance or 

opposition to electrical flow which the 

electricity encounters in the mre. The 

work required to force the water around 

the circuit comes from the work done by 

the falling weight. The energy required 

to send the electricity around the electric 

circuit comes from the chemical action 

which takes place in the cell or from the 

work done in driving the dynamo. 

ps.— Pressure and 422. Resistance. — Every conductor 

current from a water wneel. 

The pressure is less when the ofters SOme opposition tO the flow of 
current flows. electricity through it, because the mov- 

ing electrons 'which constitute the current collide vith the fixed 
atoms or positive ions. The opposition which a current of 
electricity encounters in flo'v^ing through a wire depends on the 



Fig. 



Fig. 379. — A variable rheostat. By means of the sliding contact the resistance 
can be changed. {Courtesy Beck Brothers.) 

length of the wire, on its size, and on the material of which it ii^ 
made. This opposition to the flow of an electrical current Ls 
electrical resistance. Its value, which is least in silver, varies 
greatly from substance to substance. Figure 379 shows a variable 
resistance for regulating the magnitude of the current. 
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423. Ohm’s Law. — The relation between current, electrical 
pressure, and the resistance has been stated in what is known 
as Ohm’s law. This is one of the most fundamental laws in 
electricity and has a wide application in electrical machinery. 

This law states that the electrical current in a conductor is propor- 
tional to the electrical pressure or the electrical pressure is equal 
to a constant times the electrical resistance. 

^ , electrical pressure 

resistance 



where I stands for the current, R the resistance, and E the elec- 
trical pressure. The law can be stated in two other forms. Each 
of these forms states the same facts. 

Voltage = current X resistance. 


Resistance 
R 

424. Units of Resistance. — In order to measure the resistance 
of a conductor,- it is necessary to have some fixed standard. The 
practical unit of resistance is called the ohm. The absolute 
unit of resistance is called the abohm. The unit of resistance 
can be defined most accurately and fundamentally from the 
relation between the difference of potential and the current which 
flows in a conductor. 

A conductor has 1 e.m.u. of resistance when 1 e.m.u. of 
difference of potential will cause 1 e.m.u. of current to flow in it. 

This unit of resistance is called an abohm. It is a small unit of 
resistance, and a practical unit known as the ohm is defined from 
it in such a way that, 

1 ohm = 10® abohms. 

Example.“Fmd the number of abohms in 100 ohms. 

1 ohm = 10® abohms. 

100 ohms = 100 X 10® abohms. 

A conductor has a resistance of 1 ohm when a difference of potential of 1 
.volt will cause a current of 1 amp. to flow in it. 


= I XR. 
_ voltage 
current 

“ I 
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i thread of mercury- having a cross-sectional area of 1 sq. mm. and a 
length of 106.3 cm. has a resistance of 1 ohm at 0°C. The resistance of 
meSurv changes rapidlv with the temperature and for this reason the 
.Srpe nature of the mercury must be kept constant _ Since a column oi 
V is not convenient to use as a standard, it is customary to use 
^Sd coils (Fig. 3S0) made of wire which changes its resistance but 
shditlv with the temperature. This is a great convenience for it is not 
;Sessary to keep the temperature of the coil so nearly constant. Manganm 

wire IS usually used for such ij^any ohms can 100 volts 

maintain a current of 4 amp . ? 



E = 100 volts- 
/ = 4 amp. 


R = 


E 100 


= 25 ohms. 


Fig. 380. — Standard resist- 
ance made of manganin wire 
kept at constant temperature. 
(jCouTtcsy Leeds and NoTthrup 
Company.) 


Example. — The pressure in an electrical 
circuit is 50 volts; the resistance is 12.5 ohms. 
How many amperes are flowing in it? 

^ B 

^ = 50 volts. 

R = 12.5 ohms. 

j=^=4amp. 

Example. — How many volts are required to 
maintain 4 amp. in 25 ohms? 

J = 4 amp. 

R = 25 ohms. 
i;=i^Xl=4X25 


100 volts. 

425. Resistance Boxes. It would be 
inconvenient in experimental -work always to have the resistances 
as individual coils. They are, therefore, joined together ^ box^ 
fFig. 381) in such a way that any number of coils may e ' 
series or any one of the coils may be used separately. In this 
way, a great number of resistances can he obtained from a single 
box Each' coil is wound on a spool attached to a hard-rubber 
sheet used as the top of the box. The wire is first do^bkd aM 
then wound on the spool. The free ends are soldered to h^ 
blocks which can be joined together by means of brass p 
inserted in holes between the brass blocks. When all of the piu^ 
are removed, the coils are aU in series. Where a plug is insert , 
that coil is short-circuited and the remainder of the coils arem 
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series. \\ hen all the plugs are in.serted, the re.sistance is verv 
nearly zero. 

426. Laws of Resistance. — The laws that apply to the re.sist- 
anee of a conductor at constant temperature are as follow.s: 

1. The resistance of a conductor is proportional to its length. 
For example, if 50 ft. of copper wire has a resistance of 2 ohms, 
then 100 ft. of the same we has a resistance of 4 ohms. 

2. The resistance of a conductor is inversely proportional to 
its cross-sectional area. If the wire has a circular cro.ss section, 
the resistance is inversely proportional to the square of the 



Fig. 3S1. — Resistance box. {Courtesy Leeds and Xorthrup Company.) 

diameter, or radius. If a copper wire having a diameter of 
1 mm. has a resistance of 4 ohms, then a copper wire of the same 
length having a diameter of 2 mm. has a resistance of 1 ohm. 

3. The resistance of a given conductor depends on the material 
out of which it is made. Thus, an iron vire, ha\dng the same 
length and cross section as a copper wire, has a resistance about 
six times as great. It has been found that the four best conduct- 
ing metals are, in order, silver, copper, gold, and aluminum. 

427. Resistivity. — These law^s may be brought together into a 
single formula from which the resistance of wires of different 
lengths and cross section can be calculated. Let R be the 
resistance of the wire in ohms, I its length in centimeters, a 
the area of its cross section in square centimeters, and k a con- 
stant depending on the material out of w^hich the wire is made 
and on the temperature. Then, 
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R = k~ 
a 

This constant k is the specific resistance of the wire. It is equal 
to the resistance of a wire which is 1 cm. long and has a cross- 
sectional area of 1 sq. cm. If the value of this constant k is 
known, then the resistance of any other wire made out of the 
same material can be calculated. For example, the specific 
resistance of silver is 0.0000016 ohm. This means that the 
resistance of a silver vire 1 cm. long and 1 sq. cm. in cross section 
is 0.0000016 ohm. 

Since wires are usually circular in cross section, engineers have 
chosen a somewhat difierent method of calculating the resistance. 
They call a wire which is 0.001 in. in diameter, 1 mil in diameter, 
and the area of its circular cross section is 1 cir. mil. As in the 
preceding case, the resistance of any wire can be calculated by 
comparing it with the resistance of a wire of the same material 
of standard size and length. Engineers choose for their standard 
of resistance the resistance of a wire 1 ft. in length and 1 mil in 
diameter. The resistance of such a piece of wire is the resist- 
ance of a mil-foot. Aluminum has about 17.4 ohms to the 
mil-foot. 

Using this system of units, the resistance of a wire is expressed 
as 



where K is the resistance of 1 mil-ft. of the wire, I is the length 
in feet and d is the diameter in mils. 


Example. — ^The resistance of copper per mil-foot at 20°C. is 10.4 ohm^. 
Find the resistance of a copper wire 500 ft. long with a diameter of 0.021 in. 


Kl 10.4 X 500 
21 X 21 


11.8 ohms. 


428. Temperature Coefficient of Resistance. — Whenever the 
resistance of a metal is given, it is always necessary to state the 
temperature at which the resistance was measured, for the reason 
that the resistance of metals increases as the temperature of the 
metal is raised. The amount which the resistance increases per 
degree rise in temperature for each ohm in the mre is defined 
to be the temperature coe^cient of the resistance. For all pure 
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liictals this coefficient is essentially the same and lies in the 
licighborhood of 0.004 per degree centigrade. 

Taking the resistance at zero as the standard front which to 
measure changes in resistance, copper wire would increase 0.0t)42 
ohm per degree for each ohm at 0°C. 

The relation between the temperature and the resistance is 
expressed in the form of the equation, 

R = Roil + 0.00420, 

where R = the resistance at a temperature above or below 0°C. 
i?o == the resistance at 0°C. 
t = the temperature in degrees centigrade. 

Example. — The resistance of a copper wire is 5.25 ohms at 0“C. Find its 
resistance at 75°C. 

R = Roil + 0.00420 

= 5.25(1 + 0.0042 X 75 j 
= 5.25 X 1.315 = 6.90 ohms. 

429. Temperature Coefficient of Alloys. — When metals are 
mixed together, the resistance of the mixture may be very differ- 
ent from the resistance of the metals which were used to make 
the mixture. Alloys always have a higher resistance than that 
of the best conducting of the metals out of which they were 
made. On the other hand, the rate at which the resistance 
changes with the change of temperature is much less in alloys 
than in pure metals. Manganin, an alloy consisting of copper, 
nickel, iron, and manganese, has a resistance which is thirty or 
forty times that of pure copper, but the rate at which its resist- 
ance changes with the temperature is practically negligible. 
For this reason, it is an excellent substance to use for standard 
resistance coils. 

430. Electron Theory of Electrical Conductivity. — ^The fact 
that all metals conduct electricity is explained in terms of the 
electron theory by assuming that each metal contains a large 
number of more or less free electrons (Fig. 382) which in some way 
have been at least temporarily detached from the parent atoms. 
These electrons are assumed to be mo\dng about in the interstices 
between the atoms or it may be that they can pass easily from 
one atom to another. It is possible that they are bound more or 
less loosely to the neighboring atoms in such a way that they can 
easily be displaced when an electric field is applied to them. 
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Electron 
‘Charged Aiom f 


Their exact behavior inside the metal is still unknown. About 
the essential fact that they move through the wire there can be 
no doubt. 

If a number of wes are connected in series and the free 
terminals connected to the poles of a battery, the electric force 
due to the difference of. potential between the poles of the bat> 
tery causes the electrons to stream through the wires in such a 
way that they approach the positive pole of the battery. Since 
the electrons are alike in all the wires, the number of those which 
leave one end of a wire will be just replaced by those which enter 
it at the other end. There will, for this reason, be no change in 
the character of the wires. Under the action of the impressed 
electromotive force, each electron acquires a velocity of drift 

dowm the wire. As soon as an 
utKha^ecUiom electrou strikes an atom of the 
metal, it loses nearly all of this 
velocity of drift and imparts 
whatever kinetic energy it pos- 
sessed to the metal atom. Under 
the action of the impressed elec- 
tric field, the electron again 
regains its lost speed, but again 
it strikes another metal atom 
and loses its newiy acquired kinetic energy. Since the electrons 
are continually gaining and losing velocity, the velocity of drift in 
the conductor under the impressed electromotive force never 
becomes large. 

Because of the energy which the electrons give up to the atoms 
at each collision, the energy of the vibrating atoms is increased. 
This increase in the energy of the atoms manifests itself as a 
rise in the temperature of the conductor. The amount of 
energy imparted to the atoms will be proportional to the number 
of moving electrons and it wrill, therefore, increase with the 
current. On this basis, the resistance w’^hich a conductor offers 
to the passage of an electric current arises out of the fact that 
the metal atoms stop the electrons. The larger the ampli- 
tude of the vibrations of the atoms, the more apt they are to get 
in the w-ay of a moving electron and the greater the resistance of 
the conductor. Hence, the resistance of a conductor increases 
as its temperature is raised. On the other hand, if the atoms 
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Fig. 382. — Diagrammatic represen- 
tation of electrons between the charged 
and uncharged atoms of a metal. 
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were perfectly at rest, the electrons would experience little 
oijposition to their motion and the resistance of the conductor 
would be extremely small. Figure 3S3 shows how the resist- 
ance of several metals changes with the temperature at low 
temperatures. 



Fig. 383. — Resistance of metals at low temperatures. 

431. Superconductivity of Metals. — The knowledge of the 
conductivity of metals at very low temperatures is due largely 
to the work of Kammerlingh Onnes and his co-workers at the 
University of Leiden. The experimental data obtained by these 
observers showed that in certain metals there is a sudden and 
rapid decrease in the electrical resistance at very low tempera- 



Fig. 384. — Disappearance of resistance at very low temperatures. 


tures. In some instances, this decrease is so large that it is 
impossible to measure the resistance of the metal with any degree 
of accuracy at these low temperatures because the resistance has 
nearly vanished. Metals in which the resistance has nearly 
vanished at very low temperatures are said to be in the sniper- 
conducting state. 
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Th“ results for mercury, lead, tin, and thallium have been 
reproduced in Fig. 384. The ratio of the.resistance at 0°C. to the 
resistance at the experimental temperature has been plotted ae 
ordinates in these curves and the experimental temperature a.> 
abscissae. The suddenness -svith which the phenomenon occurs is 
mident. The temperature at which superconduotmty appears 
in these metals is as shown in the following table. 


Substance 
Lead 

^Mercury . . 

Tin 

Thallium . 


Temperature, 
Degrees Absolute 

7.2 

4.29 

3.78 

2.32 


The resistance below the transition temperature is a small 
fraction of the resistance at 0“C. It is too small to be measured 



Fig. 385- — Thermal and electrical conductivity of alloys. 


accurately so that only an upper limit can be assigned to rt. 
In any case, it is times smaller than the resistance at 0 C. 
Not all metals become superconductors at very low temperatures. 
In metals where there is no superconductivity at very low tem- 
peratures, the resistance decreases to a minimum and then retains 
a nearly constant value with a further decrease of temperature. 
Hence, for these metals at low' temperatures the temperature 
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of the resistance becomes zero. Aletals which belong 
to this class are gold, platinum, sodium, potassium, and iron. 

432. Relation of Electrical to Thermal Conductivity. — It is a 
wiil-known fact that good conductor.s of electricity are also good 
ruiiductors of heat, and that non-conductors of electricity are 
poor conductors of heat. This relation has been expressed in 
what is known as Wiedemann-Franz's law which states that the 
ratio of the thermal conductivity to the electrical conductivity 
of metals is a constant which is independent of the nature of the 
metal and depends only on the temperature. The following 
table shows the value of this ratio for a few metals. This relation 
i? also approximately true for alloys as is evident from Fig. 385. 


Metal 


■ Thermal conductivity at 18°C. 
Electrical conductivity 


Rate of change 
with temperature' 


Copper. . . 

6.7 X 10'° 

3.9 X 10-' 

vSilver 

6.9 X 101“ 

3.7 X 10- 

Gold 

7.1 X 10'° 

3.7 X 10- 

Lead 

7.2 X 10‘“ 

4.0 X 10- 

Tin 

7.4 X 10'° 

'3.4 X 10- 

Platinum . 

7.5 X 10'° 

4.6 X 10-^ 

Palladium 

7.5 X 10'° 

4.6 X 10- 

Iron 

8.0 X 10'° 

4.3 X 10-' 


433. Resistance Thermometers. — Since the resistance of a wire changes 
with the temperature, it is possible to infer the change in temperature from 
observations on the change of resistance. 

Ijex Rq = the resistance of the wire at 0°C. 

Rt = the resistance of the wire at some unknown temperature t. 
a — the temperature coefficient of the metal of which the wire is 
made. 

t = the temperature on the centigrade scale. 

By definition, 

_ Rt — Ro 

, _ Rt — Ro 
^ ~ aRo 

If now, by means of a Wheatstone bridge, the resistance of the wire is 
measured at 0°C. and again at the unknown temperature t, and if the 
temperature coefficient of the wire is known from a supplementary experi- 
ment, then the unknown temperature t can be immediately calculated. 
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If a platinum wire is used, such a resistance thermometer can be used to 
determine the temperature over a wide range of temperatures up to the 
melting point of platinum. When properly calibrated, such a thermometer 
gives extreme precision in the measurement of temperatures. Figure 386 
gives the essentials of a resistance thermometer. 

Example. In using a resistance thermometer made of platinum wire, 

the resistance in a mixture of ice and water at 0°C. was found to be 10 ohms, 
and in a furnace of unknown temperature it was found to be 50 ohms. If 


/■Comparison Leads 


Resistance CoiK 

wriim') 


Fig. 3S6.— Resistance thermometer. ^ Shows change of temperature by the 
change of its resistance. 


the temperature coefficient of the resistance of platinum is 0.004 per degre:* 
centigrade, what was the temperature of the furnace? 

Temperature of the furnace ■ t = 

40 

' 0.004 X 10 0.04 

= 1000°C. 


434. Resistance for High-frequency Currents.—When a continuous cur- 
rent has reached its steady value, the current density is uniform over the 
entire cross section of the conductor. When the current is either rising or 
falling, the outside of the conductor carries a proportionately larger pan 
of the current than the inside of the conductor. This means that the cur- 
rent density near the axis of the conductor is less than it is near the surface 
of the conductor. In an alternating-current circuit wffiere the current is 
continually changing, it is necessary to consider this concentration of the 
current near the surface of the conductor. This concentration of 
the current near the surface of the conductor has the effect of increasing the 
resistance of the conductor for high-frequency currents over its value for 
steady or low-frequency currents. The higher the frequency of the current, 
the greater the resistance of the conductor for such currents. 

The non-uniformity of the current density over the cross section of a 
straight wire is not appreciable, unless the wire has a large diameter and the 
current has a high frequency. The increase of the resistance of a conductor 
under these conditions depends on the product of the cross section of the 
conductor and the frequency of the current. This change in resistance also 
depends on the permeability of the material out of which the wire is made. 
It is greater for iron than it is for copper. 

436. Measurement of Resistance by Ammeter and Voltmeter.— Two 
resistances Ri and R 2 (Fig- 387) are connected in series so that the same 
current goes through both resistances. A voltmeter reads the voltage Fi 
across Ri, and a second voltmeter reads the voltage V 2 across 2?2. Since the 
current in each resistance is the same, the resistances are to each other as 
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the voltages across them; that is, when the fall of potential across Ri is three 
times as much as that across R^j the resistance of i?i is three times as great 
as that of i? 2 . In general, 

R\ _ T"i 
R. ~ T^* 

If a standard resistance is used for Ri and its resistance given, the magni- 
tude of the resistance R^ can be calculated as soon as the readings on the 
voltmeters T"i and F 2 are observed. In this way, resistances are compared 
by a direct comparison of the voltages across them. 

Example. — A standard resistance of 10 ohms and an unknown resistance 
are connected as in Fig. 387. The voltmeter across the standard resistance 



Fig. 3S7. — Measurement of 
resistance vdth two voltmeters. 
Resistances are proportional to 
the voltage across them. 



Fig. 388. — Measurement of 
resistance uith a voltmeter and 
an ammeter. 


reads 1.25 volts and that across the unknown resistance reads 3.75 volts. 
How large is the unknown resistance? 

^ Tj 

Ri Vi 

^ o 

10 L25 

1^2 = 30 ohms. 

Instead of using two voltmeters and a known resistance, the resistance 
can be determined by means of a voltmeter and an ammeter connected in 
the circuit as in Fig. 388. A battery B maintains a current through the 
ammeter and the unknown resistance. The fall of potential over the 
unknown resistance is given by the voltmeter. If the resistance of the volt- 
meter is large so that very little current goes through it, the current in the 
ammeter is very nearly the same as the current in the unknown resistance. 
If the resistance of the voltmeter is not large in comparison with the resist- 
ance to be measured, correction must be made for the fact that some of the 
current goes through the voltmeter. In the former case where the current 
in the voltmeter can be neglected, the unknown resistance is given at once 
by means of Ohm^s law from the readings of the voltmeter and the ammeter. 

Let V = the reading of the voltmeter. 

I = the current in the resistance R. 
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By Ohm's law, 

and 

Example. — What is the unknown resistance when a voltmeter and asi 
ammeter connected as shown in Fig. 388 indicate 12 volts and 4 amp., 
respectively? 

12 volts ^ , 

3 ohms. 

4 amp. 

436. Wheatstone Bridge. — The most accurate method of 
measuring resistances is by means of the Wheatstone bridge. In 
its simplest form it consists of two resistances R and X connected 
to a AB as in Fig. 389. To Aj the junction of the wire and 

the resistance R, is connected one 
terminal of a battery. To B, the 
junction of the wire and the un- 
knewui resistance is connected 
E the other terminal of the battery. 
This battery sends a current to .4 
_]j which divides, part of it going 

Fig. 389. — Slide-wire W'heatstone through R and X and the re- 
bridge for comparing resistances mainder through the t\ire AB, 

At D, a point between R and X, one terminal of a galvanometer 
is connected. The other terminal of this galvanometer is con- 
nected to a sliding contact which rests on the bridge wire at C. 
The sliding contact is moved along until there is no deflection iii 
the galvanometer indicating that there is no difference of poten- 
tial between D and C, When the bridge is thus balanced, thi- 
current in R and X is the same, and the current in both parts of 
the bridge wire is the same. 

Let X = the current in X and R. 

y = the current in both parts of the bridge wire. 

Ra = the resistance of the bridge wire between A and C . 
R}j = the resistance of the bridge wire between C and B. 

Fall of potential from A to Z) = fall of potential from A to 

Rx = R^y. 
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Fall of potential from D to B = fail of potential from C to B, 
Xx = R^,y. 

Dividing one of these equations by the other, 

R r: 


When R is known and the resistances of the bridge wire between 
A and C and between C and B are known, W can be calculated. 

If the bridge wire is made of a single homogeneous material 
of uniform cross section, the resistance of any part of it is ])ro- 
portional to the length of that part. Hence, the resistance 
between A and C, as well as the resistance between C and i?, is 
proportional to the lengths of these respective parts. In such a 
instead of the preceding equation, we may write 

X 

R a 

X — — 
a ’ 


where h == the length of the bridge wire from B to C. 
a = the length of the bridge wire from A to C. 

To determine X, it is then only necessary to obser\^e the lengths 
of the bridge wire when there is no current in the galvanometer 
and to know the value of the resistance R. 



Fig. 390. — Modified slide-wire Wheatstone bridge. 


This siide-wire bridge can be modified by using in it a resistance 
R (Fig. 390) in ■which the resistance can be varied within 
certain suitable limits. ' In this way, it is possible to make the 
balance point C lie near the middle of the bridge wire. The 
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accuracy of the observations is thus increased. Figure 391 
represents the hydraulic analogue of the Wheatstone bridge. 
The pump replaces the battery, and when there is no difference 
of pressure between B and D, no water flows through (?. 


437. The Post-office-box 
Bridge. — The accuracy and 
convenience of the bridge may 
be still further increased by 
constructing what is knovm 
as a post-office-box bridge 


B 



Fig. 391. — Hydraulic analogue 
of Wheatstone bridge. 



Fig. 392. — Post-office-box bridge for 
comparing resistances. {Courtesy Leedx 
and Northrup Company.) 


(Fig. 392). In this case, the bridge wire is replaced by two 
known resistances Rz and i 24 . These resistances can be varied 
within certain limits and their ratio is accurately known. The 
balance is reached on such a bridge by adjusting the three known 
resistances Ri, Rz, and jR 4 until no current 
flows through the galvanometer. When 
this balance is reached, 



Rz 


X_ 

R4 


X = R, 


Ri 

'Rz 


When the ratio of i2i to Rz is known and 

w^e^amore'^brTS® ^ balance has been 

{Courtesy Leeds and observed, the value of X Can be calculated. 
Northrup Company.) three knowTL resistances are i^iade up 

in a single box with provision for connecting to it the battery, 
the galvanometer, and the unknown resistance. 

Figure 393 shows a portable testing apparatus consisting of a 
compact form of the Wheatstone bridge. 
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Problems 

1. Find the resistance of a thread of mercury with a circular cross section, 
0.7 mm. in diameter, tvuth a length of 80 cm. 

2. A ribbon of silver, 6 cm. long and 1 mm. wide, is to be made with a 
resistance of 0.5 ohm. How thick must it be? 

3. Tungsten has a specific resistance of 5.51 X IQ-s metric unit. If a 
lamp filament made of wire with a diameter of 0.08 mm. is to have a resist- 
ance of 6.6 ohms, how long must it be? 

4. Find the weight of a copper wire 1,200 ft. long with a resistance of 
1.8 ohms. What will be the weight of an aluminum wire with the same 
length and the same resistance? 

6. A summer cottage is to be illuminated by current generated at a 
distance of 180 m. from the cottage. The resistance of the two-wire circuit 
is to be 1 ohm or less. What is the smallest size of copper wire which can be 
used? 

6. A piece of wire, 8 m. long and 0.5 mm. in diameter, has a resistance 
of 2 ohms. What length of wire of the same material 0.4 mm. in diameter 
will have a resistance of 2.5 ohms? 

7. Two wires of the same length and material have resistances of 12 and 
16 ohms, respectively. If the diameter of the first wire is 0.8 mm., what is 
the diameter of the second wire? 

8. A piece of wire has a resistance of 33.C1S6 ohms at 35°C. and cf 
32.1448 ohms at 0°C. What is the temperature coefficient? 

9. A device for measuring resistance is capable of measuring with errors 
not exceeding ^5 per cent. How great a change of temperature at 0°C. 
would produce that much change in the resistance of a copper wire? 

10. The resistance of a copper wire which is known to be 18.42 ohms at 
OT. is obsen^ed to be 21.08 ohms. What must be the temperature? 

11. A copper rod, which was 1 cm. in diameter and 1 m. long, was drawn 
out into a vtire which is 1 mm. in diameter. Find the resistance of the wire 
produced in this way. 

12 . In measuring the resistance of a coil of copper wdre on a Wheatstone 
bridge a 2-ohm resistance coil was used in the right-hand gap. The slider 
was balanced at 37 cm, from the left-hand end of a 100-cm. bridge wire. 
Calculate the resistance of the coil. 

13. Find the current which wiU flow in a piece of iron wire wuth a resist- 
ance of 2.5 ohms, if it were coimected with a storage cell of 2.5 volts. 

14. 'What is the difference of potential between the ends of the feeders for 
a trolley when a current of 400 amp. is flowing, if the resistance of the feeder 
is 0.068 ohm? 

15. What is the greatest length of copper wire having a resistance of 
1.8 ohms per 1,000 ft., which can be used to carry 8 amp. allowing a drop cf 
4 volts in the wire? 
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SIMPLE ELECTRIC CIRCUITS 

438. Earchhoff’s Laws. — ^Two extensions of Ohm’s law were 
made by Kirchhoff. These extensions are known as KjrchhoffV 
law's. 

First Law. — The first law states that at any point in a circuit 
there is as much current flowing away from the point as there is 
current flowing to it. This means that the sum of the currents 
flow-ing to a point is just equal to the sum of the currents flowing 
away from it. If this law w'ere not true, there might be mote 
electricity flowing toward a point than away from it. In that 
case, there would be an accumulation of electricity at the point. 
In a system of w'ater mains, no matter how many pipes may lead 
away from one place the amount of water coming up must equal 
the amount going away, unless there is a reservoir to receive 
some of the water or unless water already stored up is discharging 
from some kind of a reservoir. In similar manner, the electricity 
going away from a point must just equal that coming up to it. 
unless there is some accumulation of electricity. 

I = h + h + h + h. 

The Second Law. — The second law of Kirchhoff states that 
the sum of the products of the current by the resistance taken 
around any closed path in a network of conductors is just equal 
to the sum of the electromotive forces which one passes in going 
around the closed circuit. In going around the circuit in the 
application of this law, regard must be had for the direction in 
wKieh the current is flowing. Currents which are flowing in the 
direction in w'hich the circuit is traced out are regarded as posi- 
tive. Currents flowing in the opposite direction are considered 
negative. Electromotive forces which, if acting alone, would 
produce a positive current in the circuit are considered positive: 
and the oppositely directed electromotive forces are considered 
negath-e. If there are no electromotive forces in any of the 
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i‘onductors which comprise the part of the network traced out. 
tiicii the sum of the IR drops about that circuit is zero. 


439. Resistance in Series. — 

When two or more conductors 
are arranged as shown in Fig. 
394, they are said to be con- 
iie(*red in series. Such an 
arrangement is analogous to 
> 4 ‘veral pipes joined as in Fig. 
395 so that the same current of 


A R"! o 



R2 


■AA/WWy ! 

jFJft '’ — 


T- 

' KaAAAAAt" 


AAA^AA/^^ 

^3 


Fig. 394. — Resistances in series. The 
effective resistance is the sum of the 
separate resistances. 


water flows through each pipe. "Whatever the area of the cross 
s(‘ction of these pipes or their length, the flow of water per unit 
time in each pipe must be the same. There is no opportunity for 
water to accumulate in a pipe when the flow has once started. In 
like manner, the current flowing through each of a number of 
resistances connected in series is always the same. 


Let I = the current in each of the resistances. 

B = the total resistance between .4 and L. 

The fall of potential from A to B = Ei = IRi. 

The fall of potential from B to C = = IR-i. 

The fall of potential from C to D = Ez = IRa. 

The fall of potential from D to L = Ei = IRi- 

Total fall of potential between .4 and L = E = IR. 


M 




- 




Il|ll|! 

mil 

Hill 

i|l||ll 

I'l'l'l 

A R 

r. 

1 ^ 1 




Fig. 395. — Water pipes in series. 


The total fall of potential is the sum of the falls of potential 
over the individual resistances. Hence, 

IR = IRi + IRi + IRa + IRi 
or 

R = Ri A- Ra A~ Ra A- Ri- 

Thus, for conductors connected in series the following laws 
hold: 
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1. The current in each resistance is the same. 

2. The resistance of the entire circuit is equal to the sum of the 
separate resistances. 

3. The voltage across several resistances in series is equal to 
the sum of the voltages across each of the separate resistances. 

4. Since the current in each resistance is the same, the fall of 

potential over a resistance is proportional 
to the resistance. Thus, over a large 
^ resistance the fall of potential is large, and 
over a small resistance it is small 


Fig. 396. — Electric lamps Example. — Three resistances A, and C (Fig. 

in senes. ohms, another of 5 ohms, and a 

third of 2 ohms are connected in series. What is the effective resistance of 
the circuit? 

Effective resistance = sum of the individual resistances. 

JK = + i?., + R,. 

22=10+5+2 = 17 ohms. 

440. Resistances in Parallel. — When several conductors are 
joined between two points so that the current divides between 
them (Fig. 397), they are said to be in parallel or in multiple. 
This is analogous to connecting a tank M (Fig. 398) to another 
tank N by means of a number of pipes through each of which 
w^ater may flow. The head of pressure. 

will e\ddently be the same whether the A^AA/VWVV--^ — \ 

w’-ater flows through one or more of the 

pipes at the same time. The amount j 

which flows through each pipe wall be / ' 

determined by the length and diameter ^ 

of that pipe and w’ill be independent of |l|lll * 

the amount Tvhich flows through any Fig. 397. — Resistances in 

other pipe, so long as the pressure the effective resistance is equal 
remains unchanged during the flow, to the sum of the reciprocals 

a 1 n i- xT_ • -n of the separate resistances. 

The flow through all of the pipes will 

be equal to the sum of the flows through the individual pipes. 

In the same way, the current of electricity which flows through 
Ri (Fig. 397) wdll be determined by its resistance, if the potential 
difference between A and C remains unchanged. The total 
current entering at A must be equal to the current leaving C, and 
this total current must be equal to the sum of the currents in 
the separate resistances. 
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I ^ the current entering ^ A. 

= the current in Ri, 

/o = the current in 
Jg = the current in Rz. 
h = the current in R^. 

Total current = sum of separate currents. 

I = Ii A- -r Is ^ 4 . 

The fall of potential from A to C is the same by each of the 
paths. By Ohm's law the fall of potential is given by multiply- 



ing the resistance by the current. Hence^ the potential differ- 
ence between A and C is 


Hence, 


IiRi = I2R2 = IsRs = I^Ra — E. 


h = 


E r ^ 

R,’ “ r: 


Iz 


E 

Rz 


U 


Ri 


Let R denote the equivalent resistance by which these resistances 
could be replaced without disturbing the fall of potential between 
A and C or the flow of current between A and C. 

Fall of .potential between A and C = IR = Ej or I = E/R. 
Substituting these values of 7, 7i, /a, Iz, I a in the equation 
/ = Ii + 72 + J3 + I A, 

R Ri Ro^'^ Rz^ Ra 
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and 


i = Jl 4- J. + Jl + Jl 

R i?l ^ i ?2 jRs i ?4 


Example. — Three resistances, ^4, B, and C (Fig. 399), of 2, 4, and 12 ohm^ 
are connected in parallel; find the equivalent resistance. 



J. 

R 

1 


±+±+±. 

Rx ^ Ri ^ Rs 


R 2 4 12 12’ 


Fig. 399. — Electric lamps 
in parallel. 


R i? 
^ 10 


1.2 ohms. 


Example, — Four resistances, A, B, C, and B, are connected as indicated 
in Fig. 400; C and D in parallel, and A and B in series with each other and 



with C and D. The resistance of A is 4 ohms, that of B, 8 ohms, that of C 
'3 ohms, and that of D, 6 ohms. Find the equivalent resistance. 


Let X = resistance of C 
parallel. 

X 3^6 6^6 



Resistance of A, B, and x in series: 


Trolfey mre ■. 


D D DO D 


Q D 0 □! 


•nryi 


j "7 ^ n U 



Tracks" Powerhoust 

Fig. 401. — Current in a trolley wire and 
track. 


B=4-l-8+2-14 ohms. 


Shunts. — In many forms of the ammeter the current is too large to be 
carried by the moving coil in the instrument. A parallel path, of low 
resistance (Fig. 402) is provided. Most of the current goes through tbb 
parallel path which forms a shimt for the instrument. Such shunts are also 
used for other purposes. If A is a shunt for the resistance R and I the 
total current, the current i in the shunt is given by the following relations; 

(/ - i)R = Xi, and i = 
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441. CeUs Connected in Series.— The generator.*? or cells which 
supply the current may be arranged either in .series or in parallel. 
When cells are connected (Fig. 403) so that the positive pole of 
one cell is connected to the negative pole of the next, they are 
said to be joined in series. The electromotive force of such a 



combination is the sum of the electromotive forces of the several 
cells. Since the whole current passes through each cell, the 
internal resistance of these cells is equal to the sum of the resist- 
ances of the individual cells. If these cells are j oined so that they 
send a current through an external resistance, there is only one 
path for the current, and the current in the circuit is everywhere 
the same. 

Suppose five such cells, each ha\dng an electromotive force e 
and a resistance r, are connected to an external resistance R. 
The whole electromotive force in the circuit is 5e, and the whole 
resistance of the circuit is B + or. 

a\‘ 1 ^ \* ^ 

' 'M 

E-ej't-e2+ 

•-^^WWWVW — f 

Fig. 403. — Cells in series. 
The effective e.m.f.-sum of the 
e.m.fs. of the cells. 


Bv Ohm’s law, 


Current = / = 


he 


In general, 


jR + 5r 


/ = 


where n equals number of cells. 


Example. — Five cells each having an electromotive force of 1.2.5 volts 
lind an internal resistance of 0.4 ohm are connected to a resistance of 20 
ohms. Find the current in this resistance. 

Total electromotive force = 1.25 X 5 = 6.25 volts. 

Internal resistance of the cells = 0.4 X 5 = 2.0 ohms. 

Total resistance of the circuit = int. resistance of cells + ext. resistance 


Current 


= 2.0 -{- 20 = 22.0 ohms. 
electro motive force 6.25 volts ^ 
total resistance 22 ohms ” ' ° 
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442. Cells Connected in Parallel. — If cells are joined together 
in such a way that all the positive poles (Fig. 404) are connected 
together and then all the negative poles are connected, these 
cells are said to be connected in parallel. The voltage of such a 
combination of cells is the same as the \ oltage of each cell. The 
internal resistance of the combination is equal to the internal 
resistance of one of the cells divided by the number of ceils. The 

current sent through an external re- 
sistance by this combination of cells 
j_ will be the sum of the currents sup- 

plied by the separate cells. By join- 
^=e ing cells in this way the electromotive 

force is unaltered, but the internal 
^ resistance of the battery is reduced. 

Fig. 404 .— Cells in parallel. It is desirable to connect ceils in this 
Total e.m.f. = e.m.f. of one cell. if the internal resistance of the 

cells is large in comparison with the external resistance of the 
circuit. 

The current supplied by such a battery is 

I = 


where e = the electromotive force, 

7 * = the internal resistance of each cell. 

R = the external resistance of the circuit. 
n = the number of cells. 


Example— Three cells each having an electromotive force of 2 volts and 
an internal resistance of 4.5 ohms are connected in parallel to drive a current 
through an external resistance of 8 ohms. Find the current in the external 
resistance. 

Total electromotive force = electromotive force of one cell = 2 volts. 


internal resistance of one cell 
Internal resistance = number of cells 


4.5 


= 1.5 ohms. 


Total resistance of the circuit = external resistance 4- internal resistance 

= 8 + 1.0 = 9.5 ohms, 
total electromotive force 2 volts 


Current = 


resistance of circuit 


9.5 ohms. 


= 0.21 amp. 


443. Ohm’s Law in Part of Circuit and Brush Potential.- 

Ohm’s law may be applied to a part of a closed circuit as well 
as to the entire circuit... The law then reads as follows: 
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The current in a part of the circuit not containing a source of 
electromotive force is equal to the voltage across that part of the 
circuit divided by the resistance of that same part of the circuit. 

It is important to notice that in this case the current, the voltage, 
and the resistance must be measured in the same part of the 
circuit. 


Example. — A d 3 mamo having a resistance of 2 ohms maintains a current 
of 11 amp. in two resistances of 8 and 10 ohms in series. The electrical 
pressure generated by the djmamo is 220 volts. What is the fall of potential 
over each resistance? 

The voltage in the entire circuit = 220 volts. 

The current in each resistance is 11 amp. 

The voltage across the 8-ohm coil is found hy multiplying the resistance 
of that coil by the current in it. 

Voltage across 8-ohm coil = 8X11 =88 volts. 

In the same way the voltage across the 10-ohm coil is 

= 11 X 10 = 110 volts. 

The fall of potential inside of the generator is 
= 11 X 2 = 22 volts. 

The total potential around the circuit is 

88 4- 110 + 22 = 220 volts. 

Only part of the electromotive force or total voltage generated 
by the dynamo is available for maintaining the current in the 
external circuit. Part is used in maintaining the flow of elec- 
tricity through the generator itself. The actual difference of 
potential between the brushes of the dynamo is knovni as the 
brush potential or the terminal voltage of the dynamo. This 
is the voltage available for maintaining the current through an 
external resistance. The remainder of the voltage generated in 
the djmamo or battery appears as a drop of potential inside of the 
dynamo or battery itself. The brush potential must be carefully 
distinguished from the total voltage generated by the dynamo. 

Let i? = the external resistance. 

E = the electromotive force of the battery or dynamo, 
r = the internal resistance of the battery or djmamo. 


Current = 


E 



400 


THE ELEMENTS OE PHYSICS 


: difference of potential between brushes current X external 

resist aiK't*. 


Entire drop of potential 



= internal drop of potential 

-f drop of potential over external circuit. 


It is thus seen that the voltage generated by a dj-namo or battery way l,o 
considered as divided into two parts: (1) that which mamtams the currew 
in the external circuit, and (2) that which maintains the current m the 
internal resistance of the dynamo or battery. These two voltages aw 
proportional to the resistance of the corresponding parts of the circun. 
Their sum is equal to the voltage produced by the battery or dynamo. 
On open circuit, the terminal voltage is equal to the electromotive force or 

total voltage of the generator. . 

Example— A. batterx' has a voltage of 1.9 volts on open circuit. It is 
connected in series with a resistance of 10 ohms, and then the potential 
difference across its terminals is 1.75 volts. Find the internal resistance 

of the battery. 


Let X = the internal resistance of the batter\ . 

i = the current in the battery when a resistance of 10 ohms is in senes 

vuth it. 



1.90 “ L75 = 0.15 volt 

= drop of potential inside the battery . 


Hence, 


0.15 

— xi. 


__ 0.15^ 

% 

X 

0.15 

1.9 

X 

10 “{" X 

X 

10 + a: 

0.15 

1.9 


X 0.86 ohm. 


Problems 

1 Three cells of a storage battery, each with a resistance of 0.06 ohm 
and an electromotive force of 1.4 volts, are connected in series with a coil 
having a resistance of 3.38 ohms. Find the current which will flow. 

2. A group of five dry cells each with an internal resistance of 0.0b obm 
and an electromotive fo'ree of 1.5 volts sends a current of 5 amp. through an 
external resistance when connected in series. How great is the externa 

resistance? , 

3. Eight cells each -with an internal resistance of 1.6 ohms are conneeteo 
in parallel to send a current through an external resistance of 0.2 ohm. 
How much current will be obtained, if each cell has an electromotive force 
of 1.1 volts? 
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4. Twelve cells, each with an internal resistance of 1.2 ohms are con- 
nected so as to have four parallel groups of three cells in series. A curreni 
lif 2.1 amp. is sent through an external resistance of 1.1 ohms. What is the 
,4e<‘tronioTive force of each cell? 

6. In a circuit like that in Fig. 388 the voltmeter and ammeter readings 
were 5.8 volts and 0.12 amp., respectively. The voltmeter had a resistance 
uf 1,200 ohms. Calculate (a) the combined resistance of R and the volt- 
meter in parallel; (h) the resistance of R alone. 

6. Ten storage batteries, each of three cells with an electromotive force 
uf 2 volts and an internal resistance of 0.015 ohm per cell, are to be charged 
in series at the rate of 10 amp. from a 110-volt line. How much resist anc(‘ 
must be inserted in series with the batteries? 

7. A galvanometer has a moving coil wdth a resistance of 124 ohms and a 
sensitivity of 1-mm. deflection for 10“" amp. What shunt will be needed 
to produce 1-mm. deflection for 0.001 amp. in the main circuit? 

8 . The moving element of a voltmeter has a resistance of 4.8 ohms, and a 
full deflection is produced w’hen 0.050 volt is applied to the coil. Calculate 
the series resistances needed to use the voltmeter for 3 volts and for 150 
volts, respectively. 

9. A galvanometer with a resistance of 120 ohms is shunted by 1 ohm, 
and a dry cell of 1.5 volts is connected to it through a resistance of 750,000 
ohms. A deflection of 180 mm. is read on the scale. Find the current 
r(*quired for 1-mm. deflection. 

10. A milliammeter has a resistance of 1 ohm and its full-scale reading is 
100 milliamp. Find the resistance of a shunt w’hich must be used in order 
TO convert it into an ammeter on which the full-scale reading is 10 amp. 

11. What resistance must be placed in parallel with a resistance of 80 
ohms to reduce the resistance to 66 ohms? 

12. Eight hundred incandescent lamps are connected in parallel. It is 
desired to supply each of them with a current of 0.4 amp. at a difference of 
potential of 110 volts. WTiat must be the resistance of the line from the 
generator, if the drop of potential over it is 2.2 volts? 

13. An ammeter has a resistance of 0.05 ohm. Its full-scale deflection 
is 2 amp. What shunt must be used so that the full-scale deflection of the 
instrument may read 10 amp. ? 

' 14. A milliammeter has a scale which reads from 0 to 50 milliamp. The 

resistance of the instrument is 10 ohms. What must be the resistance of a 
shunt to be used wdth it in order to make the scale read from 0 to 50 amp.? 

16. A divided circuit consists of two parallel branches. One has a resist- 
ance of 8 ohms and the other a resistance of 16 ohms. The total current in 
the circuit is 18 amp. Find the current in each branch. 

16. A dynamo has an internal resistance of 0.2 ohm. It generates 120 
volts. If it is supplying 8 amp. to a circuit, what is its brush potential? 

17. A line with a resistance of 0.08 ohm leads from a generator with a 
resistance of 1.2 ohms to a set of lamps. A pressure of 1 12 volts at the lamps 
is obtained when the current is 1 amp. What will it be when the current is 
6 amp.? 
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18 . A circuit consists of a d\niamo having a resistance of 0.45 ohm, line 
wires of resistance 2.2 ohms, and three lamps connected in series, each with 
a resistance of 12.5 ohms. What is the current if the electromotive force 
of the dynamo is 120 volts? 

19 . A circuit has three parallel branches with resistances 30, 40, and 50 
ohms, respectively. TMieii a current of amp. is flowing in the 30-ohm 
branch, how much current is flowing in each of the other branches? 

20 . A galvanometer with a resistance of 120 ohms is shunted with a resisb 
ance of 0.05 ohm. '^Tiat fraction of the total current will flow through the 
galvanometer? 



CHAPTER XXXVn 


HEAT AND ELECTRIC CURRENTS 

444, Heating by Electricity —The production of heat by an 
electric current is of much practical importance. On account 
of its great convenience it is being used more and more. Electric 
cooking, electric soldering, and electric welding are now very 
familiar. In an electric furnace, the high temperatures necessary" 
to melt most metals can be produced by an electric current. 
In an ordinary electric lamp, a filament of tungsten is heated to 
incandescence by an electric current and becomes a source of 
light and heat. Electric ranges and electric cookers are in conn 
mon use. 

445. Joule’s Law. — In order to determine the heat generated 
by an electric current, it is necessary to know the electric current 
and the resistance through which it flows or to measure the elec- 
trical current and the electrical pressure which is maintaining it 
in the resistance. 

Joule found experimentally that the heat developed in a con- 
ductor by a current of electricity is proportional to (1) the resist- 
ance of the conductor^ (2) the square of the current, and (3) the length 
of time the current is maintained. But Joule^s law can be derived 
theoretically from the principle of conservation of energy. It is 
necessary to recall that the difference of potential between two 
points in absolute units is the w^ork in ergs that must be done on 
one electromagnetic unit of charge to carry the charge from the 
point of lower potential to the point of higher potential, or, con- 
versely, it is the work done by or energy obtained from unit charge 
when it is allowed to move from the point of high potential to 
the point of low potential. 

Let E = the difference of potential in absolute units between 
the ends of the conductor, f.e., the work done by unit 
charge when allowed to move through the wire from 
high to low potential. 

I = the current in absolute units. 
t = the time in seconds. 
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Then 

Q =: Jt = the quantity of electricity in absolute units. 

W = the work done by the Q units in moving through the 
conductor. 

W ^ E X Q ^ E X I X t, hy the definition of E above, 
and since by Ohm^s law, E = I X Rj 

W = RXPXt ergs. 

By the principle of conservation of energy, the energy- given 
up by the electricity equals the heat energy that appears, and 
we have 

Heat energy in ergs = W — EXlXt = RXl~Xt. 

If the resistance is measured in ohms instead of abohms, the ^ 
current in amperes instead of abamperes, and the energy in joules ‘ 
instead of ergs, we have 

/(abamperes) = /(amperes) X 10"h 

B(abohms) = E(ohms) X 10^ 

Hieigs) = i/Qoules) X 10b 

HQoules) = i?(ohms) X /^(amperes) X i(seconds). 

The rate of supplying energy is the power. 

Hence, 



If the current, voltage, and resistance are measured in practical 
units, this equation gives the power in watts. To reduce this 
to kilowatts, it is necessary to divide the number of Tvatts by 
1,000. To express the energy in kilowatt hours, multiply the 
number of kilowatts by the time in hours. 

Example.— A 25-kw. motor operating on 100 volts is supplied through a 
line having a resistance of 4 ohms. What power is lost in the line? 


Current = 


power 

voltage 

25,000 

100 


= 250 amp 


Power lost in line = resistance X (current)® 


= 4 X (250)2 
= 250,000 watts 


- 250 kw. 
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Example. — What power is required to drive a dynamo which delivers 
15 amp. at a pressure of 150 volts, disregarding friction? 


Power = electrical pressure 




= volts X amperes 
= 150 X 15 = 2,250 watts 
^ 2,250 
746 


= 3.02 hp. 


446. To Compute the Power. — When it is desired to measure the power 
which is being consumed in an electric resistance, an ammeter is inserted 
and the current in the resistance is measured. At the same time, a volt- 
meter is attached to the terminals of the resistance and the electrical pressure 
or voltage across the resistance is measured. This gives sufficient data 
from which to compute the power from the equation, 

P = EXI. 


If the resistance of the circuit is known, one of the following forms of the 
equation will be more convenient than another according to the way the 
data are given. 

P = El, 

But by Ohm^s law, 

E =RI, 


Hence, 

Again, 


P = I(IR) = PR, 


I = 


E 

R 


Hence, 


~ R 


Example. — Suppose that a dynamo having a voltage of 110 volts sends 
a current of 2 amp. through a lamp having a resistance of 55 ohms. Find 
the power expended in the lamp. 


Power in lamp = E X I = 110 X2 = 220 watts. 
Power in lamp = I^R = 2 X 2 X 55 = 220 watts. 

Power m lamp — — ”5^ watts. 


.447. Electrical Energy in Heat Units. — Where the heat gen- 
erated by allowing a current of electricity to flow in a wire is 
measured by noting the amount it raises the temperature of a 
given mass of water (Fig. 405), it is convenient to express the 
electrical energy in calories instead of in joules. By multiplying 
the current in amperes by the electrical pressure in volts, the 
electrical power is expressed in watts; but a watt is defined as a 
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joule per second. Hence, the number of joules generated in the 
circuit in 1 sec. is found by multiplying the current in amperes 
by the electrical pressure in volts. In the study of the mechanical 
equivalent of heat it was found that 4.2 joules generate 1 cal. of 
heat. Thus 1 joule is equal to 0.24 cal. This is another way 
of saying that a current of 1 amp. flowing through a resistance of 
1 ohm, or under an electrical pressure of 
1 volt, generates 0.24 cal. each second. 
It would, therefore, raise the tempera- 
ture of 1 g. of water 0.24°C. each second. 
Therefore, the heat generated in an elec- 
tric circuit may be expressed as 

L < ii|i — jj calories = 0.24 X PR X t 

Fig. 405. — An electric =0.24X£^XlXi 

calorimeter for measuring ^2 

heat generated by an elec- = 0.24 X X t 

trie current. ^ 

where H = the heat in calories. 

I = the current in amperes. 

R = the resistance in ohms. 
t = the time in seconds. 

Example.— How much heat is generated per hour in an electric iron using 

3.5 amp. at 100 volts? 

volts X amperes X seconds 
Heat in calories — ^“2 

Heat in calories = 0.24 XEXlXt^ 0.24 X 100 X 3.5 X 3,600 

= 302,400 cal. 

448. Electric Fuses. — It is necessary to have some sort of device to 
protect electric machines and appliances from excessive cur^nts. One 
method of furnishing this protection is by means of fuses. These fuses 
consist essentially of a wire which has a low melting point. Such wires 
are made bv preparing an aUoy of tin or lead with some other ^tals so 
that the melting point is lower than that of either tin or lead. Wlien an 
excessive current passes through this fuse wire, the heat generated m 
accordance with the law just discussed becomes sufficient to melt 
and the circuit in which the wire was inserted is opened without harm to ttie 
machinery or other electrical appliances. The size of the fuse is so chosen 
that it melts when the current becomes greater than a certain • 

The fuse is enclosed in some material like asbestos or porcelain so tna 
there is no danger from fire when the fuse is being melted. The manner 
in which such fuses are inserted in the lighting circuits of a house is shown m 
Fig. 406. 
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449. Electric Eight Dimmers. — Where it is necessary to use an electric 
light of small intensity throughout the night or to reduce the intensity 
(,f such a light, provision is made for inserting a resistance iFig. 407) in 
<eries with the light. If the voltage applied to the light remains constant, 
the insertion of a resistance in series with the lamp reduces the current 
through it and the energy transformed by it. If R is the resistance of the 



rent is too large. 

Fig. 407. — Electric light dimmer. Addition of resistance reduces the bright- 
ness of the light. 


lamp, I the current in it, and E the electromotive force supplied, then the 
energy changed to heat in the lamp is 


p = El = BP- = ~ 


If now a resistance Ri is connected in series with the lamp, the new current is 

I ^ 

‘ R-hRi 


The energy supplied to the light is Pi — Rh^, and that supplied to the resist- 
ance is P 2 = Pilp. The total energy in this case is 


Pi 4-P.> = PJi2 -f PJi2 = ip(P -I- PO 




AR + Pi) = - 


E^ 


(P + Pi)2^*‘' ' P -F Pi 

The total power supplied before the insertion of the resistance was 

P 

^ p‘ 


Since P + Pi is greater than P, the energy used after the insertion of the 
resistance is less than before its insertion. 
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450. Continuous -flow Method for Measuring Specific Heat of Liquids.— 
An excellent illustration of Joule’s law is an electrical method for determining 
the specific heat of liquids. This method was originally devised by Callen- 
dar, and it is suitable for finding the specific heats of liquids over a wide 
range of temperatures. A simple form of the apparatus is represented in 
Fig. 408. A narrow glass tube XY is attached at its ends to larger glas. 
tubes A and B. This narrow tube with the wider tubes at its ends is sup- 
ported on the axis of a glass tube MX of large diameter by means of rubber 
stoppers. In order to reduce the heat losses as far as possible, the space 
between the larger glass tube and the inner one is filled with cotton wool 
or some other heat-insulating substance. A fine platinum wire wound in 
the form of a spiral is located in the glass tube of small diameter and axtends 



Fig, 408. — Continuous-flow calorimeter for measuring the specific heats of 
liquids. The heat is supplied by an electric current in a coil of wire. 

over the entire length of that tube. By means of hea\5^^ lead wires, this 
spiral is connected through an ammeter and a regulating resistance to the 
terminals of a battery. To the terminals of this spiral is also connected a 
voltmeter, by means of which the drop of potential across the spiral can be 
read. The ends of the larger glass tubes which were attached to the smaller 
glass tube XY are closed by means of rubber stoppers. Through these 
stoppers are inserted thermometers Ti and Tz by means of which the temper- 
ature of the ingoing and the outgoing liquid can be determined. 

The liquid to be studied enters the tube AX through a small tube L which 
is inserted through the rubber stopper at A. The liquid after flowing 
through the glass tube XYj past the platinum spiral, emerges through a 
tube and is collected in the beaker K, 

When an electric current is caused to flow through the spiral in XF, heat 
is developed and the liquid flowing past the spiral is heated, since energy 
is transferred from the wire to the liquid. The thermometer Ti gives the 
temperature of the ingoing liquid and the thermometer To the temperature 
of the outgoing liquid. The mass of the liquid passing through the tube in a 
given time is determined from weighing the liquid which collects in the 
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beaker K. The voltmeter gives the electrical pressure across the heating 
spiral, and the ammeter the current in it. Assuming that all the energy 
generated in the wire is transferred to the liquid, it is possible to calculate 
the specific heat of the liquid. ♦ 

Let m = the mass of the liquid in grams collected in the beaker K. 
t = the time in seconds during which the liquid flows, 
s == the specific heat of the liquid. 

Ti - the temperature of the ingoing liquid. 

T 2 = the temperature of the outgoing liquid. 

E = the drop of potential in volts across the spiral. 

I — the current in the spiral in amperes. 

The heat gained by the liquid in calories = ms(Ti — T^). 

The energy generated in the wire in joules = E • I • t. 

Hence, 

E -I -t ^ (4.18)m - s{Ti - Ts). 

E-I -t 

® 4.18m(ri - r,)’ 

Example. — With a Callendar continuous-flow calorimeter it was found 
that when the liquid flowed through the calorimeter, the temperature of the 
inflowing liquid was 25®C., that of the outflowing liquid was 40°C., the 
mass of the liquid collected was 100 g., the difference of potential across 
the heating cofl 10 volts, and the current in it 2 amp. The time during 
which the liquid flowed was 4 min. Find the specific heat of the liquid. 

10 X 2 X 4 X 60 . _ , 

^ - a ' . T 8)(100 K40 - 25) = 0-76 cal. per gram. 

451. Thermal Couples. — When two vdves of dissimilar metals 
are joined together at the ends so as to form a closed circuit 



Fig. 409. — Thermoelectromotive force between metals. 

(Fig. 409), and one of the junctions thus formed is kept at one 
temperature w^hile the other is kept at a higher temperature, a 
current of electricity flows in the circuit. The electromotive 
force producing this current depends on the nature of the wdres 
and the difference in temperature between the junctions. The 
rate at which this thermoelectromotive force changes with an 



410 


THE ELEMENTS OF PHYSICS 



L i 

j 


i 







i 



/; 




! ^ 

k, .. . 

/ 



i Neutral 
'\-femperafure 

,\ 

0 iC 

io z 

30 300 400 500 600 


increase or a decrease in the temperature of one of the junctions 
is called the thermoelectric height of one metal in contact with 
^he other. 

By increasing the temperature of the hot junction (Fig. 410), 
the thermoelectromotive force is at first increased at a nearly 
uniform rate. As the temperature is still further increased in 
the case of an iron-copper thermal couple, the rate of increase 
in the thermoelectromotive force becomes less. When the tem- 
perature of the hot junction becomes 275°C., a further increase 
in its temperature causes a decrease in the thermoelectromotive 
force. This temperature at which the thermoelectromotive force 

ceases to increase and begins to 
decrease is called the neutral 
temperature. When the tem- 
perature of the hot junction is 
raised above the neutral tem- 
perature, the thermoelectromo- 
tive force continues to decrease 
and finally becomes zero at a 
temperature of approximately 
550°C. If now the temperature 
of the hot junction is still further 
increased, the current in the circuit fiows in the opposite direc- 
tion. That temperature at which the thermoelectromotive force 
becomes zero is called the temperature of inversion. 

By keeping one junction of the thermal couple at constant 
temperature, the temperature of the other junction can be meas- 
ured by observing the electromotive force produced in the circuit. 
Thermal couples are particularly useful at high temperatures. 
For such purposes one of the wires is often made of platinum and 
the other of an alloy of 90 per cent platinum and 10 per cent 
rhodium. With such couples the temperatures of furnaces can 
be measured, but the thermal couples must be protected from 
direct contact mth furnace gases or molten substances. 

452. Thermopiles. — The electromotive force which can be 
obtained from a single thermal couple is small. To get larger 
electromotive forces for the same difference of temperature several 
couples may be connected in series just as the cells in a batter}^ 
are sometimes connected in series. The total electromotive force 
is then the sum of the electromotive forces of each couple. Fig- 


Difference in temperature, degrees 

FtG. 410. — Change of thermoelectro- 
motive force with temperature in an 
iron-copper couple. 
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411 shows a thermopile composed of six thermal couples 
connected in series. The wires of different materials are eon- 
iiected in alternate or zigzag positions so that every other junction 
can be heated or cooled. The electromotive forces thus produced 
are added. 

:Measurements of radiant heat energ:^- are often made witli 
thermopiles in which the thermal junctions are placed close 
together. One set of junctions is blackened and exposed to the 



surface 

Fig. 411. — Thermopile consisting of a number of thermal junctions connected 

in series. 


radiant energy. The other set is shielded and kept at constant 
temperature. By connecting such a thermopile to a sensitive 
galvanometer changes of temperature of a hundred-millionth of a 
degree may be observed. With instruments of this kind, it is 
possible to measure the heat from distant stars. 


463. Peltier Effect. — If a current of electricity flows across the junction 
of two metals A and B (Fig. 412), for example, bismuth and antimony, there 


is either an evolution or an absorption 
of heat at the junction. If the elec- 
tronic current flows from bismuth to 
antimony, heat is evolved. If it flows 
from antimony to bismuth, heat is 
absorbed. Now this evolution or 
absorption of heat can arise only be- 
cause the two metals are at different 
potentials so that it requires vrork or 
heat to carry electricity from one 
metal to the other, or work is produced 



Battery 

Fig. 412. — Peltier effect between 
metals. 


when the current flows from one metal to the other. The electron theory 


gives an explanation of this important phenomenon. 

The number of free electrons in different metals is not the same. When 


two different metals are placed in contact, there will be a flow of free electrons 
across the junction from the metal containing the greater number of elec- 
trons per unit volume to the metal containing the smaller number per unit 
volume. As soon as one or more electrons have left one metal (Fig. 413), 


that metal becomes positively charged and there is an attractive force tend- 
ing to retard the migration of additional electrons. When these additional 
electrons have entered the ^cond metal, it becomes charged negatively. 
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and this negative charge repels other electrons which tend to enter this 
metal. This repulsion decreases the further migration of electrons from the 
first to the second metal. As more and more electrons go over from the first 
to the second metal, this retarding force becomes larger and larger until 
it finally stops the flow of electrons from the first to the second metal 
When equilibrium has thus become established, one of the metals is charged 
positively and the other charged negatively. There is, therefore, a differ- 
ence of potential between the faces which are in contact. When a current 


B M A 



Negafively charged mefa! N Positively charged mehoi! 

Fig. 413. — Diagrammatic representation of Peltier effect. 


of electricity crosses this surface of contact, it Hows from a higher to a lower 
potential or from a lower to a higher potential. In the former case it 
absorbs heat, and in the latter case it generates heat. In this way, the 
obser\^ed heating or cooling effect at the junction of two dissimilar metals in 
contact is explained. * 

464. Thomson Effect. — ^Let a metal rod AB (Fig. 414) have one end hot 
and the other end cold so that there is a flow of heat down the rod. To fc 
our ideas, suppose that the end A is in a mixture of ice and water at OT. 



Battery 


Fig. 414. — The Thomson effect. 

and the end B is in steam at 100°C. The temperature of the middle of the 
rod is then 50°C. Now let the end of the rod be connected to the terminals 
of a battery so that a current of electricity floivs from the hot to the cold 
end. The temperature indicated by the thermometer at the middle of the 
rod wdll be somewhat changed because of the Joulean heating in the rod. If 
now the current of electricity is reversed so that it flows from the cold to the 
hot end, the temperature at the middle of the rod will be again changed. 
This second change in the temperature me|ns that the Joulean heating 
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is not the same in the rod when the current of electricity and the current of 
heat flow in the same direction as it is w’hen they flow in opposite directions. 
The electron theory explains this phenomenon as follows: 

In an unequally heated rod, the concentration of electrons will become 
grt^ater at one end than at the other end. There will result a flow of elec- 
trons from, let us say, the hot to the cold end of the rod. In consequence 
of this flow, the hot end will be charged positively and the cold end charged 
negatively. -This difference in the concentration of the electrons betw^een 
the two ends of the rod sets up an electric force w^hich finally stops the 
further movement of electrons along the rod. A state of equilibrium is 
reached in which the hot end of the rod is at a higher potential than the cold 
end. When an external electromotive force is applied to drive electrons 
from hot to cold end, this electromotive force must overcome the electric 
field in the rod due to the unequal concentration of electrons at the ends. 
Because of this fact, more w’ork will be necessary to send the current through 
ihe rod than would be necessary if the concentration of the electrons were 
uniform throughout it. If, on the other hand, the current of electricity is 
caused to flo-w through the rod in the opposite direction, the heat generated 
by it will be less than in the former case because the electric field in the rod 
is now aiding the impressed electromotive force - 

Problems 

1. An electric toaster carries a current of 6 amp. at 110 volts. How 
much heat is given off per hour, and W'hat is the cost per hour at the rate of 
6 cts. per kilowatt-hour? 

2. A 60-watt electric lamp is immersed in a vessel containing 80 1. of w^ater. 
What fraction of a degree rise in temperature of the water is caused by oper- 
ating the lamp for 8 min.? 

3. An electrocalorimeter contains 300 g. of water. A change from 11 
to 19°C. is produced in 12 min. by a certain current flowdng through a resist- 
ance of 6 ohms immersed in the water. Find the current used. 

4. A motor in an electric refrigerator uses energy at the rate of 300 wmtts. 
What does it cost to operate the motor for 8 hr., if the energy costs 5 cts. per 
kilowatt-hour? 

6. An electric iron weighing 1.5 kg. has an average specific heat of 0.10. 
The heating unit takes 5.5 amp. from a 110-volt line. If half of the heat is 
lost by radiation, how long will it take to bring the iron to a temperature of 
160°, if it is at 15°C. originally? 

6. An electric flatiron takes a current of 7 amp. when the voltage is 110 
volts. If the flatiron has a thermal capacity of 150 g.-cal. per degree centi- 
grade, ho'w long will it take the temperature to rise 10®C. ? 

7. A heating coil with a resistance of 6 ohms is used to evaporate water 
at the boiling point at the rate of 1.8 g. per second. What voltage must be 
applied to the coil? 

8. What is the resistance of a coil of wire which when immersed in a 
liquid having a specific heat of 0.5 cal. per gram, heats 1 1. of the liquid from 
25 to 75°C. in 15 min., if the terminals of the wire are connected to a dynamo 
supplying 110 volts? Specific gravity of liquid = 0.8. 
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9. A vessel containing 750 g. of water at 25°C. is heated electrically bv 
means of a coil of wire immersed in it. The water begins to boil 4.5 \mp 
after the electric circuit is closed. The difference of potential across the 

is 110 volts. Neglecting the heat capacity of the vessel, what must be thf 
resistance of the coil? 

10. How much water will be evaporated in 1 hr. by a current of 15 amp 
flowing in a coil of wire ha\’ing a resistance of 7 ohms? The coil is immersed 
in the water and 40 per cent of the energy is lost. 

11. How much heat is given off per hour by an electric toaster which 
carries a current of 5.5 amp. at a potential difference of 110 volts? 

12. What is the work done in joules in a circuit through which a current 
of 6 amp. flows for 8 min.? The resistance of the circuit is 16 ohms. 
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the chemical effect of an electric current 

455. Electrolysis of Copper Sulphate. — If a beaker is filled with 
a solution of copper sulphate and two copper plates are inserted 
in it (Fig. 415) and these plates connected to the terminals of a 
batter}', it mil be found that when the plates are removed from 
the solution, one of them is bright and the other tarnished. By 
weighing the plates before and after placing them in the solution, 
it can be determined that the bright plate has gained in weight 
and that the other plate has lost in weight. There has been a 
transfer of electricity through the 
solution and copper has been carried 
from one plate to the other. 

The chemical formula for copper 
sulphate is CUSO 4 , and when this 

substance goes into solution, some 

+ + 

of it splits up or dissociates into Cu 

and SO4 ions. The copper atom 
losing two electrons carries two 
elementary charges of positive elec- 
tricity, and the SO4 ion retaining 
these two electrons carries two ele- 
mentary charges of negative elec- 
tricity. \Yhen the plates are thus placed in the solution, one 
connected to the positive terminal of the battery and the other 

to the negative terminal, each ion moves toward the plate vdth 

++ 

the opposite charge. Thus the Cu ions reach the negative plate 
and deposit on it as neutral copper atoms by taking two electrons 

per ion from the plate. The SO4 ions are attracted to the positive 
plate, where each takes up an atom of copper and gives up two 
electrons. The copper sulphate so formed goes into solution, 
keeping the amount of copper sulphate constant. Thus, the 
net effect is a gain of copper by the negative plate and a loss of 
copper by the positive plate. 



Fig. 415. — Electrolysis of cop- 
per sulphate. Copper ions mi- 


grate to the cathode and SO 4 ions 
to the anode. 
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The plate or terminal by which the conventional current enters 
the cell is called the anode, and that by which it leaves is called the 
cathode. The copper ion, being positive, travels in the cell in 
the direction of the conventional current, and the cathode thus 
is the terminal which gains in weight. The gain of copper by 
the cathode is equal to the loss of copper by the anode. 

456. Electrolysis of Water. — Instead of taking a solution of 
copper sulphate in water, take a dilute solution of sulphuric acid 
in water. The current enters the solution by means of a platinuin 
or silver strip and leaves by means of another platinum or silver 
strip. Over each of the metal strips or electrodes by which the 
current enters or leaves the solution, there b 
inverted (Fig. 416) a closed tube which is filled 

with some of the solution. The sulphuric acid 

+ — 

in the solution splits up into H ions and SO 4 

-r 

ions. There are two H ions for each SO4 ion. 
Each of the hydrogen ions having lost one elec- 
tron carries one elementary charge of positive 

electricity, and each of the SO 4 ions having an 
excess of two electrons carries two elementarj^ 
charges of negative electricity. Under the ac- 
trc^ysis "^of* -w^ter' electric force arising from the cells 

The volume of the connected to the electrodes, the hydrogen ions 
th^volum^e of ^the cathode or electrode at which the 

oxygen. 

electronic current enters the solution. The SO4 
ions go to the other electrode. The hydrogen ions receive elec- 
trons from the cathode, two atoms combining to form neutral 

hydrogen molecules which collect at the top of the tube. The SO4 
ions giv^e up their charge of excess electrons at the anode and then 
unite with two atoms of hydrogen to form sulphuric acid. These 
atoms of hydrogen are taken from a molecule of water, and one 
atom of oxy’^gen is thus set free. The atom of oxygen thus set free 
unites with another atom of oxygen to form oxygen gas, and this 
gas rises to the top of the tube inverted above the anode. The 
sulphuric acid formed at the anode goes into solution again, and 
consequently the amount of sulphuric acid in the water does not 
change. The water, however, is decomposed into its constituents. 
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hydrogen and oxygen. The volume of the hydrogen is twice that 
of the oxygen, and the weight of the oxy^gen eight times that of 
the hydrogen. The hydrogen goes in the direction of the positive 
ion current, because it carries a positive charge of electricity. 


467. Copper Plating. — The deposition of metal by means of an electric, 
,'urrent is often used in a commercial way to cover one metal with another. 
Suppose that it is desired to cover a metal with a coating of copper. A 
Mjlution of copper sulphate is prepared and the metal to be coated is placed 
ill this solution. There is also inserted into the solution a plate of pure 
copper. The two metals, the copper plate and the metal to be electro- 
plated, are then connected to the terminals of a battery. The copper 
plate is made the electrode by which the electronic current leaves the 
sijiution and the plate to be covered is the electrode by which the electronic 
current enters the solution. The copper traveling in the solution in the 
direction of the positive ion current is deposited on the metal to be covered. 
This metal receives the desired coating and the copper plate loses an equal 
quantity of copper. The amount of 


H|lil 

E 


copper sulphate in the solution re- 
mains unchanged. 

468. Nickel Plating. — If it is de- 
sired to nickel-plate a metal, a solu- 
tion of nickel salt and a plate of 
nickel are chosen instead of a solu- 
tion of copper sulphate and a copper 
plate. Otherwise the arrangement 
of the apparatus is the same. As 
before, the solution does not change 
in strength. The nickel plate loses 
in weight and the metal to be plated gains an equal w^eight 






Fig. 417. — Relation of chemical 
equivalent to mass deposited. The 
greater the chemical equivalent the 
greater the mass deposited. 


459. Faraday’s Laws of Electrolysis. — To understand the 
quantitative laws of electrolysis, consider a number of electrolytic 
ceils connected in series (Fig. 417). Assume that all of the elec- 
trodes are made of platinum so that there are no secondary reac- 
tions between the electrodes and the ions in solution. Now let 
these cells be connected to a battery so that the same current 
flows through each cell for the same time. 

Suppose A contains a solution of silver nitrate, B a solution 
of hydrochloric acid, C a solution of copper sulphate, and D a 
solution of nickel chloride. There will be liberated at the 
respective cathodes silver, hydrogen, copper, and nickel. By 
determining the amount of substance liberated at each cathode 
by a given current in a given time, it is possible to establish the 
two law's of electrolysis. 
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1. The mass of any substance liberated is proportional to the 
cunfent flowing and the time during which it flows. Hence, the 
mass liberated is proportional to the product of the current and 
the time. 

Suppose that in cell B the current flows until 1 g. of hydrogen 
is liberated. Then, in cell A 108 g. of silver will have been 
deposited; in cell C, 31.5 g. of copper; and in cell D, 29 g. of 
nickel. Whatever current is chosen and whatever the length 
of time it is allowed to flow, it is found that the masses deposited 
in these cells always bear the same ratio to each other. This 
result may be stated by saying that the masses deposited are 
always proportional to the quotient obtained by dividing the 
atomic weight by the valence. The ratio of the atomic weight 
to the valence of an element is called the chemical equivalent, or 
combining weight. Where a substance is monovalent, the chem- 
ical equivalent is equal to the atomic w^eight. If the substance 
is divalent, the chemical equivalent is equal to one-half of the 
atomic weight. 

The second law’ of electrolysis may be stated as follow’s: 

2. The masses of different substances liberated by a given 
current in a given time are proportional to the chemical equiva- 
lents or combining weights of the substances. 

Let A == the atomic weight of an element. 

V “ the valence of the element. 

A/v = the combining weight. 

m = the mass of element liberated by Q coulombs of electricity. 

i 

96,500' 

96,500v 

/chemical equivalent \ ^ 

\ 96,500 

ZQ = ZM ‘t, 

where I = the current in amperes. 

t == the time in seconds. 

Z = the constant known as the electrochemical equivalent. 

460. Electrochemical Equivalent. — From Faraday’s Isaw of elec- 
trolysis it is evident that the mass of a substance liberated by 
1 amp. in 1 sec. can be calculated as soon as the mass of some 


K - 

m = 

m ~ 
m = 
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other element liberated by 1 amp. is known, for this law states 
that masses of different substances deposited by equal currents 
in equal times are proportional to the chemical equivalents of the 
substances. Knowing then that 1 amp. deposits 0.0011180 g. of 
silver in 1 sec., to find the amount of copper deposited by 1 amp. 
in 1 sec., divide the amount of silver deposited by the combining 
weight of silver and multiply the quotient by the combining 
weight of copper. 


Amount of copper deposited) 
by 1 amp. in 1 sec. j 


0.0011180 

107.88 


X 31.5 = 0.0003295 g. 


The amount of substance deposited in 1 sec. by a current of 1 
amp. is defined as the electrochemical equivalent of that sub- 
stance. (For table of electrochemical equivalents, see Appendix 

c.) 


Example. — How much copper will be deposited from a solution of copper 
sulphate in 12 hr. by a current of 2 amp. ? 


Weight deposited = electrochemical equivalent X current in amperes X 
time 

= 0.0003295 X 2 X 12 X 60 X 60 
= 28.5 g. 


461. Effect of Electrolysis on Water Mains. — Electrolysis is an important 
factor in determining the life of underground pipes which are laid near 



electric railways. It is intended that the track should offer a path by 
which the dynamo is connected to the -wheels of the car. In case the joints 
of the track are not intimately united, the current, instead of traveling from 
the generator to the car through the track, in part finds its w^ay into the 
water mains as indicated in Fig. 418 and then returns to the track and 
the car. Where the current leaves the water main to return to the track 
and car or to return to the generator, the metal forming the pipe is etaten 
away as was the anode in the case of the electrolysis of copper sulphate. 
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The electrochemical action is somewhat complicated, but it is a case of 
electrolysis in which iron is removed from the positive electrode to niako 
iron sulphate and the weight of the iron thus reduced, the pipe weakened, 
and its life shortened. 

462. Charge on an Ion. — From the data on electrochemical equivulentv 
and from the number of molecules in a gram-molecule of substance, it i- 
possible to calculate the charge on an ion in an electrolytic solution. The 
important fact comes out of this calculation that the charge on a univalent 
ion is the same as the charge on an electron as determined directly hy 
Millikan (see Sec. 556 j. 

From the kinetic theory of gases, it is known that the number of molecule> 
in 1 c.c. of a gas at standard pressure and temperature is 2.70 X 10^*. 
The density' of hy'drogen at 0®C. and atmospheric pressure is 0.0000898 g. 
per cubic centimeter. T^Tien 96,500 coulombs pass through a solution in 
which hydrogen is a free ion, 1 g. of hydrogen is liberated. To liberate I 
c.c. of hy'drogen, i.e., 0.0000898 g., there must pass through the solution 
0.0000898 X 96,500 = 8.67 coulombs of electricity. There are two atoln^ 
of hy’drogen in each molecule. 

Let .V = the number of atoms of hy'drogen in 1 c.c. of molecular hydrogen. 

2 X 2.70 X = 5.4 X lO^-'. 

Let e — charge on each hy'drogen ion 

Ne - 8.67 coulombs. 

/ 8.67 \ 

U-4 X lO^V 
= 1.60 X 10“^® coulomb 
= 4.80 X 10“^® e.s.u. 

The charge on the electron as determined by' Millikan ~ 4.77 X 10“^" 
e.s.u. Hence, the charge on a univalent ion is the same as the charge on an 
electron. 

463. Computing Avogadro’s Number. — Now, if we accept the value of 
the charge on the electron as determined by' Millikan, we can calculate 
the number of atoms in a gram-atom, that is, in as many' grams of an element 
as there are units in its atomic weight. Since the atomic w'eight of hy’drogen 
is 1.008, it requires 1.008 g. of hy'drogen to make 1 g.-atom of hydrogen. 
Similarly’, since the atomic weight of silver is 108, it requires 108 g. of silver 
to make 1 g.-atom of silver. 

Since 1 coulomb of electricity’ liberates 0.00001045 g. of hydrogen, the 
number of coulombs necessary' to liberate 1.008 g. of hy'drogen, which is 

1 g.-atom of hydrogen, is 96,500 coulombs. This number is 

known as Faraday's electroly'tic constant or as a Faraday’. One gram-atom 
of silver, that is, 108 g. of silver, will also be liberated by^ 96,500 coulombs. 

In each of these cases, the ion carries one positive charge and has lost one 
electron, and has on it a charge which is just equal to the charge on an elec- 
tron, except that the charge on the ion is positive and the charge on the 
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eleftroil is negative. Now, the charge on the electron and, therefore, the 
.‘harge on each ion of hydrogen or silver is 1.592 X eouloiiih, and it 

requires 96,500 coulombs to deposit 1 g.-atom of a inono^'aleiit element like 
hydrogen or silver. Hence, the number of atoms in 1 g.-atoni is 

96,500 

1.592 x fO-” “ ^ 


Each molecule of hydrogen contains two atoms. Hence, the number of 
molecules in a gram-atom of hydrogen = 3.03 X 10="'. According to 
Avogadro’s principle, every gas under the same conditions of temperature 
:tnd pressure contains the same number of molecules per unit volume. 


Electrons 



464. Electrol 3 rtic Conduction in Solids.— Certain solids which 
at ordinary temperatures are thought of as non-conductors of 
electricity become conductors at 
higher temperatures. Conduc- 
tion in these cases is like conduc- 
tion in ordinary electrolytes, that 
is, by transfer of ions through 
the substance. An interesting 
illustration of electrolytic con- 
Jiiction in solids is shown in Fig. 

419. An electric light bulb is 
immersed in a molten mixture of 
XaXOs and NaN O 2 in equal pro- 
portions. 

the mixture is kept at 
300°C. The filament in the light 
bulb is heated to incandescence in the usual manner and this 
heated filament gives off thermions necessary^ to carry^ the cur- 
rent from the filament to the inner wall of the glass bulb. One 
terminal B of the filament is connected through a regulating 
resistance B and an ammeter A to the negative terminal of the 
battery. The positive terminal C of the battery is inserted in 
the molten mixture of NaNOs and NaNOo. An electric circuit 
is thus completed through the molten mixture and the evacuated 
bulb. In the molten mixture, the positive current is carried by 
the positive sodium ions. These ions also migrate through the 
glass wall of the bulb and are then deposited on the interior sur- 
, face of the bulb as a thin layer of sodium. Between the inner 
surface of the bulb and the filament, the current is carried by 
thermions or electrons emitted by the filament. In the metallic 


ml. X X r Eig. 419. — Electrolytic conduction 

The tempeiature of through the walls of a glass bulb. 

about Sodium is deposited on the inner sur- 
face of the bulb. 
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wires completing the electric circuit through the battery, the 
current is carried by electrons moving through these connecting 
wires. "Conduction in the walls of the glass bulb is by means of 
the transfer of ions through the glass and is, therefore, a case of 
electrolytic conduction in solid glass. This method of producing 
a thin layer of sodium on the interior of an evacuated bulb has 
proved to be of importance in the manufacture of photoelectric 
cells. 

466 . Primary Batteries. — In the preceding sections it was seen 
that an electric current can produce certain chemical actions, 
like the decomposition of copper sulphate or the decomposition 
of water into its elements. The reverse effect also takes place. 
Certain chemical actions when properly arranged can produce 
currents of electricity. Indeed, this is the first method by 
which currents of electricity were obtained. These sources of 
current in which chemical action is directly 
responsible for the flow of electricity have 
been called primary batteries. Except in 
one or two cases, they have ceased to be 
of any practical importance. They have 
been replaced by storage batteries or by 
dynamos. Their action will be understood 
from a study of the Leclanche cell and its 
modification, the dry cell. 

466 . Leclanche Cell. — The Leclanche 
Fig. 420.— Leclanche ceU. {Fig, 420) is important because a 

later modification is now widely used. This cell consists of 
a zinc rod W’hich dips into a solution of ammonium chloride 
or sal ammoniac. The other electrode of the .cell is a carbon 
rod which is surrounded by a cup filled with pow^dered man- 
ganese dioxide, called a depolarizer, its purpose being to 
react chemically with the accumulating hydrogen and produce 
w^ater vapor. Graphite is also added to increase further the 
conducti\ity. The ammonium chloride in the electrolyte dis- 

sociates into NH4 and CL The NH4 carries one positive charge 

and Cl carries one negative charge. While the current is flowing, 
+ 

the NH4 goes to the carbon plate and there gives up its charge. 
It then breaks dowm into NH 3 and H. The hydrogen collects on 
the electrode except for the action of the depolarizer. Since the 


R 

A/WW 


-"Carbon 

-Mn02 

Sofufion 

'ofNH^Cl 
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action of the depolarizer is slow, the cell is adapted to open-circuit 
work in which it is used for a short time and then allowed to stand 
for some time. 

467 . The Dry Cell.— A type of this cell now widely used (Fig. 

421) is called the dry cell. It differs from the Leclanche cell just 
described only in the fact that the electrolyte is in the form of a 
paste instead of the solution of ammonium chloride. The nega- 
tive electrode is the zinc can which contains the carbon and the 
paste. The zinc on the inside of the can is covered with several 
layers of blotting paper, and the space around the carbon rod 
which forms the positive electrode is filled R 

\rith a mixture of carbon, manganese dioxide, 
and sawdust saturated with a solution of 
ammonium chloride. The top is sealed with 
wax to prevent the evaporation of the 
moisture in the paste. This type of cell 
is now much used in flash lights. It has 
an electromotive force of about 1.5 volts. 

468 . Lead Storage Cell. — In the lead storage 

cell, both the positive and negative plates 
are made of hea\’y lead grids full of holes or 42i.— Dry cell, 

grooves filled with the active material. The positive plates 
are made of lead peroxide, and the negative plates are made 
of spongy lead. A cell is formed of a number of such plates, 
alternately negative and positive. They are set in a glass 
jar filled vith dilute sulphuric acid. The negative plates are 
connected together and form one effective plate of the battery, 
and the positive plates are connected together to form the other 
plate. There is always one more negative plate than positive 
plates so that a positive plate always lies between twD negative 
ones. In this w^ay, both sides of the positive plates are charged 
or discharged. The formation of the oxide which takes place 
during charging is accompanied by an increase in volume, causing 
a swelling of the plate. Since this swelling takes place equally 
on both sides of the positive plate, there is little tendency to 
buckle or warp the plates. 

The nearness of the plates together and the large area obtained 
by using a number of plates cause the cell to have a small resist- 
ance. By using a large number of plates and making the areas 
as large as possible, the current capacity of the cell is increased. 
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When a lead storage ceil is delivering a current, botli the lea<l 
peroxide on the positive electrode and the spongy lead on the 
negative electrode are gradually converted to lead sulphate 
Finally, the two electrodes become very much alike and the cur- 
rent ceases to flow. The battery is now said to be discharged. 

In order to charge the battery and make it ready for further 
use it is only necessarj^ to maintain an electric current in it in a 
direction opposite to that in which the current flows when the 
cell is in use. This process is known as charging. During this 
process the sulphate on the negative plate is slowly reduced to 
spong\^ lead, while the sulphate on the positive plate is slowly 
reconverted to lead peroxide. After a sufficient time of charging, 
the original condition of the battery is restored. 

The chemical action taking place during the process of charging 
and discharging may be represented by the following equations: 

Charging: 

At positive plate, PbS 04 + SO 4 + 2 H 2 O = Pb02 + 2 H 2 SO 4 . 

At negative plate, PbS 04 + H 2 = Pb + H 2 SO 4 . 

Discharging: 

At positive plate, PbOo + H 2 SO 4 + Ho = PbS 04 + 2 H 2 O. 

At negative plate, Pb + SO4 = PbS04. 

It is seen from these equations that, during the process of charg- 
ing, sulphuric acid is formed. Consequently the density" of the 
electrolyte rises when the batteries are being charged. During 
discharge, sulphuric acid disappears and water is formed. For 
this reason, the density of the electrolyte decreases during dis- 
(diarge. By observing the density of the electrolyd;e, it is possible 
to find how nearly the battery is discharged. When the battery 
is fully charged, the density of the acid should be from 1.28 
to 1.3. The electromotive force of this cell when fully charged 
is about 2.2 volts. 

469. Edison Storage Cell. — In the Edison storage cell, the 
positive plate is a nickel-plated steel grid with perforated steel 
tubes which are filled vdth alternate layers of nickel hydroxide 
and flaked nickel. The nickel hydroxide is changed by electro- 
(‘hemical action into nickel peroxide (NiOs). The flaked nickel 
is added to reduce the internal resistance of the cell. The nega- 
tive plate (Fig. 422) is also made of nickel-plated steel grid with 



fHE CHEMICAL EFFECT OF .l.V ELECTIilC CCHHEXT 42r> 


a large number of rectangular pockets filled with powderetl iron 
oxide (FeO). In charging the cell, the iron oxide is changed into 
metallic iron. The positive plate of the cell thus becomes nickel 
j^H-roxide (Xi02) and the negative plate, metallic iron (Fe). The 
electrolyte is a 21 per cent solution of caustic potash (KoHj. 
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Fig. 422. — Edison storage cell. 


When the cell is delivering current, the nickel peroxide is 
reduced to a lower oxide (NioOs) and the iron oxidized to form 
iron oxide (FeO) . The reaction is 

2Ni02 “H Fe = Ni 203 FeO. 

nickel peroxide + iron = nickel oxdde + iron oxide 


When the cell is being charged by sending a current through 
it in the direction opposite to that in which the current flows 
when the cell is discharging, the reaction is reversed and becomes 


NioOs -f- FeO = 2Ni02 “h Fe. 

nickel oxide + iron oxide = nickel peroxide + iron 
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The electroMe does not enter into either of these reactions. 
Its density changes only slightly during the reactions. The 
effect of charging and discharging is to transfer oxygen from one 
plate of the cell to the other. The normal electromotive force 
is about 1.2 volts. 

470, Weston Standard Cell. — Standard cells are not used to 
furnish current. They offer a means of obtaining definite and 
constant electromotive forces. They are the concrete standards 
in terms of which differences of potential are measured. The 
most widely used of these standard cells is the cadmium or Weston 
cell. 

This ceil (Fig. 423) consists of an H-shaped, hermetically sealed 
glass tube containing pure mercury as the positive electrode in 
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Fig. 423. — Weston cell. A standard for electromotive forces. 


,0»*oP« 


one leg and a cadmium amalgam in the other leg as the negative 
electrode. Platinum wires sealed through the glass connect the 
electrodes with the circuit. Above the mercur^^is placed a paste 
of mercurous sulphate. The electrolyte is a saturated solution 
of cadmium sulphate. In order to insure that this solution 
remains saturated at all temperatures, an excess of crystals of 
cadmium sulphate is added to the solution. 

The electromotive force of this cell changes very little with 
the temperature. For this reason it is considered the best stand- 
ard available. At 20°C. its electromotive force is 1.0183 volts. 
For other temperatures, the electromotive force is given by the 
equation 

Et = 1.0183 - 0.00004 (t - 20) volts. 

471. Potentiometer. — The fundamental principle of a simple 
potentiometer is illustrated in Fig. 424, where YZ is wire of 
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uniform cross section and resistance. This wire is stretched 
along a scale graduated in centimeters or inches. A battery B 
with an electromotive force greater than the electromotive force 
of the battery to be studied is connected through the regulating 
resistance R to the terminals of the vdre 1 Z, and a constant cur- 
rent is allow^ed to flow in this wire. The fall of potential per unit 
length in the vire will be the same at all points along the wire. 
A standard cell S of known electromotive force is connected to 
one terminal of the wire and through the galvanometer (? to a 
contact L that can be moved along the wire. By means of 
a double-throw^ switch, the standard cell may be replaced by a 
cell X whose electromotive force 
is to be determined. The key K 
allows the circuit through the 
galvanometer to be opened or 
closed. 

If the terminals of the battery 
B and the standard cell S are con- 
nected into the circuit so that 
they oppose each other, the drop 
of potential along the bridge wire 
from L to Z tends to send a cur- 
rent through the galvanometer in 
one direction, and the standard cell tends to produce a current 
in the galvanometer in the opposite direction. By moving the 
slider L along the wire, a point can be reached where the twn 
tendencies to send a current through the galvanometer just 
balance each other. There will, then, be no current in the galva- 
nometer, and the potentiometer is said to be balanced. Since the 
resistance of the wire is uniform, the fall of potential betw’'een Z 
and L is proportional to the length of the wire betw^een Z and L. 

If now’- the double-throw switch is turned so as to replace the 
standard cell by the cell X, there will, in general, be a current 
in the galvanometer G. By moving the slider L along the wire 
another point, U may be reached where the electromotive force 
of the cell X is just balanced by the drop of potential between 
the point Z and the second balance point L'. The electromotive 
force of the cell X is proportional to the length of the wire betw^een 
Z and U — the balance point on the wire when the cell X is in 
the circuit. 



Fig. 424. — Diagrammatic represen- 
tation of a siide-’w'ire potentiometer. 
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Let E = the electromotive force of the cell A'. 

D = the distance from Z to L\ the balance point when 
the cell A" is in the circuit, 
c = the electromotive force of the standard cell. 

(I = the distance from Z to L, the balance point when the 
standard cell is in the circuit. 

Then 

E - kD. 
e = M. 

E 

• e d 


If a Weston cell with an electromotive force of 1.0183 volts is 
used as a standard cell, 

E = 1.0183§ 

d 


Hence, by measuring D and d along the potentiometer wire when 

the potentiometer is balanced, the 
electromotive force E of the ceil A" can 
be calculated. Figure 425 show’s a 
familiar form of accurate potenti- 
ometer manufactured by Leeds and 
Northrup. 



Fig. 425. — Type-K potenti- 
ometer. (Courtesy Leeds and 
Northru'p Company.) 


Example. — In measuring the electromo^ 
tive force of a cell, it was found that the 
length of bridge wire to produce a balance 
when the standard cell was in the circuit was 60 cm., and the corresponding 
length when the other cell was in the circuit was 80 cm. If a Weston cell 
with an electromotive force of 1.0183 volts was used as a standard, what was 
the electromotive force of the other cell? 

Qfk 

E = 1.0183 ~ = 1.344 volts. 
oO 


Problems 

1. A copper plate weighing 109.376 g. is placed in an electroplating bath. 
A steady current is sent through the bath for 20 min., and the vreight of the 
plate is increased to 110.490 g. What was the current in amperes, assuming 
copper is divalent? 

2. Find the electrochemical equivalent of platinum if a current of 0.0^ 
amp. deposits 0.584 g. in 2 hr. 

3. An object which has a surface of 16 sq. cm. is to be plated with silver. 
What will be the average thickness of the silver vrhen a current of 0.15 amp. 
flows for 24 hr.? 
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4. A cylinder of carbon 2 cm. in diameter is immersed to a depth of 8 <*ni, 
a solution of copper sulphate. How long will it take for a current of 2,5 
imp. to plate a deposit of copper 0.12 mm. thick on the side of the carbon 
•yliiider? 

' 5. A current of 6 amp. flows for 4 hr. through a series of cells containing 
nickel nitrate, copper sulphate, and silver nitrate, respectively. Find the 
■liiHutity of nickel, copper', and silver deposited. 



CHAPTER XXXIX 


THE MAGNETIC CIRCUIT AND ITS APPLICATIONS 


472. Flux and Flux Density. — The introduction of an iron 
core into a solenoid increases very much the number of lines of 
force which would cross a small air gap cut across the iron core 
perpendicular to its axis. The number of lines of force passing 
through 1 sq. cm. of the solenoid before the iron is introduced 
is a measure of the field intensity in the solenoid or the magnetiz- 
ing force. It is equal to the number of dynes acting on unit 
magnetic pole placed in the solenoid. The number of lines 
passing through each square centimeter after iron or some other 
substance is introduced into the solenoid is called the flux density 
or magnetic induction and -wdll be denoted by B. The total flu-x 
is the flux density times the area of the cross section. If <j) denotes 
the total flux and A the area, then 

4> = BA. 


The total flux is measured in maxwells. One line of magnetic 
force is called a maxwell. 

473. Permeability. — Since the number of lines of force in the 
iron core is always much greater than the number in air for the 
same current in the solenoid, it is convenient to take the ratio 
of the number in the iron to the number in the air as a measure 
of the magnetic properties of the iron. This ratio of the flux 
density B set up in the iron or other magnetic substance to the 
magnetizing force is called the permeability. It is equal to the 
number of lines of force per square centimeter in the iron dmded 
by the number of lines per square centimeter when the solenoid 
is filled with air or some other gas. 


Permeability 


flux density 
magnetizing force 


B 

H 


The permeability is unity for a vacuum and practically unity 
for air and non-magnetic materials. 

430 
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Example. — The magnetizing force in a specimen of iron is 3 oersteds and 
the corresponding flux densitj" is 600 lines per square centimeter. Wlmt is 
the permeability of the iron? 


Permeability 


flux density 
magnetizing force 


600 


- 200 . 


474. Magnetomotive Force. — Just as hydraulic pressure is 
necessary to force water through a pipe and an electric pressure 
to produce a current of electricity in a wire, so also a “magnetic 
pressure” is necessary to produce magnetic flux in a magnetic 
circuit. This magnetic pressure is called the magnetomotive 
force and bears the same relation to the magnetic circuit that the 
electric pressure bears to the electric circuit. The magnetomo- 
tive force can be defined as the work necessary to cany unit 
magnetic pole around the magnetic circuit. It is found by multi- 
phing the magnetic field by the length of the magnetic circuit. 

M.m.f. == H XL 

For a solenoid 

^ 4:TrNI 1.2mi 
^101 I ' 


where N is the total number of turns in the solenoid. 


.M.m.f. 




The product NI is known as the number of ampere turns on the 
circuit. 

The distinction between the magnetic field inside the solenoid 
and the magnetomotive force must be kept clearly in mind. 
The magnetic field is the force on unit pole inside the solenoid. 
It is determined by the product of the number of turns per 
centimeter and the electric current. 

4:irNI 


The magnetomotive force is the work to carry unit pole around 
the magnetic circuit. The unit of magnetomotive forces in the 
c.g.s. system is the erg per unit pole and is called the gilbert. 
It is determined by the product of the current and the total 
number of turns on the circuit. 


M.m.f. 


AtNI 

IF 



432 


THE ELE MEETS OF PHYSICS 


Example. — Find the magnetomotive force for a solenoid consisting of 
1,.500 turns, when the current is 20 amp. 

M.m.f. = = 1.26A7 = 1.26 X 1,500 X 20 - 3,780 gilberts. 

475. Reluctance. — In a magnetic circuit, there is a magnetic 
reluctance which is analogous to the electric resistance in an 
electric circuit. The opposition or resistance which must be 
overcome when the magnetic flux is established is the reluctance 
of the circuit. The reluctance increases vith the length of the 
magnetic circuit and decreases as the area or the cross section 
of the circuit is increased. The reluctance is inversely propor- 
tional to the permeability of the material out of which the circuit 
is made. To find the resistance of a conductor, the following 
equation is used: 



where k = the resistance per unit length of the wire of unit cross 
section. 

I = the length of the wire. 
a = the area of the cross section. 

The reluctance of a magnetic circuit is given. by the equation 

7 ? 7 ^ ^ 

Kel. = — j} 

IjlA 

where L = the length of the magnetic circuit in centimeters. 

A = the area of the cross section in square centimeters. 
fi = the permeability of the material of the circuit. 

These equations are similar in form, except that the reciprocal 
of the permeability is used in the equation for the reluctance in 
place of the specific resistance in the equation for the resistance. 
A magnetic circuit has a reluctance of 1 c.g.s. unit when a mag- 
netomotive force of 1 gilbert produces a flux of 1 maxwell in it. 


Example. — A piece of iron which is 50 cm. long has a cross section of 10 
sq. cm. and a permeability of 500. What is the reluctance? 


Reluctance 


length 

area X permeability 
50 1 

wxm = Too = 
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476. The Law of the Magnetic Circuit— There i.s a magnetic* 
pressure called the magnetomotive force produ(*ing the flux in 
a magnetic circuit, and there is a magnetic resistance which must 
be overcome in establishing the flux in the circuit. The relation 
between the magnetomotive force, the reluctance, and the flux 
in the circuit is the same as the relation between the electromotive 
force, the electric resistance, and the current in an electric circuit. 
Ohm’s law states that 


Current = 


electromotive force 
resistance 



The law of the magnetic circuit states that 

m.m.f. 
rel. 


where I = current in amperes. 

<l> = magnetic flux lines of force, 
e.m.f. = electromotive force in volts, 
m.m.f. = magnetomotive force in gilberts. 

R = electrical resistance in ohms, 
rel. = reluctance in c.g.s. units. 

Example. — Find the number of lines of force in magnetic circuit in which 
the reluctance^-is 0.05 c.g.s. unit and the magnetomotive force is 45 gilberts. 

nnx ”»^g°«t°inotive forc_e ^ ^ 
reluctance O.Oo 

477. Magnetization of Iron. — To study the magnetic proper- 
ties of iron it is best to have the iron in the form of a ring sur- 
rounded by a solenoid. The iron fills the whole space in which 
there are lines of magnetic force, and no lines pass out into the 
air. As the magnetizing force is slowly increased from zero to 
larger values, the flux density or induction increases slowly at 
first but soon rises rapidly. The rate of increase of the induction 
falls off again at higher values of the magnetizing force and for 
large values of the magnetizing force the induction increases very 
slowly. If the induction is plotted against the' magnetizing force, 


Flux = 


magnetomotive force 
reluctance 
m.m.f. 


(k = 


rel. 
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the resulting curve is called the magnetization curve (Figs. 426 
and 427). From the inspection of such a curve it is seen that 
sometimes a small increase in the magnetizing force causes a 
large increase in the flux density, and that at other places on the 
curve a large increase in the magnetizing force is necessary to 



Magnetizing force in oersteds 


Fig. 426. 


produce even a small change in the 
flux density. This means that the 
permeability of iron or steel de- 
pends on the number of lines of 
12 , 000 , 

p^rmcflloy 
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£ 
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S’ 

Iron__ 
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Magnetizing force in oersteds 

Fig. 427. . 


Fig. 426. — Magnetization and permeability of iron. 

Fig. 427. — Magnetization, in permalloy compared to that in iron. For low 
magnetic fields tbe permeability of permalloy is very high. 


force which it already contains. Hence, the permeability is 
not a constant but varies with the flux density. The dotted 
curve of Fig. 426 shows the way in which the permeability of a 
specimen of iron changes with the number of lines of force in it. 



Longitudinal magnetic f leld^oersteds 


Fig. 428. — Change of length in 
nickel in a longitudinal magnetic 
field. 
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Fig. 429. — Change of resistance of 
bismuth in a transverse magnetic field. 


A comparison of the magnetic induction in iron and permalloy 
(Fig. 427) shows that the magnetic induction in permalloy for low 
fields is much greater than it is in iron. 

Since for large magnetic fields the flux density increases very 
slowly with the magnetizing force, it is impracticable to mag- 
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netize a piece of iron beyond a certain flux density. By this 
is meant that a point has been reached where a large increase 
in the magnetizing force is necessary to produce a small increase 
in the flux density. This point is marked by the knee of the 
curve (Fig. 426). When iron is used in a motor or generator, it 
is not profitable to use a flux density which is greater than the 
flux density corresponding to knee of the magnetization curve. 
It requires too many ampere turns to produce the added flux. 
Magnetization changes other properties of substances. For 
example, the length of a nickel we is decreased by a longitudinal 
magnetic field (Fig. 428) and the resistance of a bismuth wire 
is increased by a magnetic field 
(Fig. 429). 

478. Hysteresis. — If a speci- 
men of iron has been magnetized 
by subjecting it to constantly 
increasing field intensities, and if 
then the field intensity is de- 
creased, the flux does not 
decrease along the same curve 
by which it has increased, but it 
follows a curve which lies above 
the magnetization curve. The 
flux lags behind the magnetizing 
force. When the magnetizing 
force has become zero, there still 
remains a considerable amount 



Pig. 430. — Hysteresis cycle. The 
area of the figure shows the energy 
spent in the cj'-cle. 


of flux in the iron. The flu» 
which remains when the magnetizing force has been reduced to 
zero is called the residual magnetism. If the direction of the 
magnetizing force be now reversed, the flux quickly becomes zero. 
That magnetizing force wkich is necessary to reduce the flux to 
zero is termed the coercive force. It is represented in Fig. 430 by 
the line OE. When the magnetizing force is still further in- 
creased, the iron becomes magnetized in the opposite direction. 
If the magnetizing force is again gradually decreased, the flux 
again gradually lags behind the magnetizing force, giving a curv’^e 
which in this case lies below the original curve. When the mag- 
netizing force has been made zero again, there is a residual 
magnetism in the iron in the opposite direction to that in the 
former case. This residual magnetism is represented by the line 
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OG. The reversal of the magnetizing force again causes tin- 
residual magnetism to disappear. The coercive force necessarv 
to reduce the residual magnetism to zero is in this ease represent eij 
by the line OF. By increasing the magnetizing force sufficiently, 
the cycle closes and the iron is in the condition in which it wasm 
the beginning of the cycle. 

During the complete cycle of the field intensities, the induction 
has described a loop called a hysteresis cycle. This arises otit 
of the fact that the induction lags behind the magnetizing force. 
The area included in this loop is a measure of the loss of energy 
in the iron during the cycle. The energy thus lost cuts down the 

efficiency^ of the machine. It is con- 
sequently of importance to use soft 
iron in an electric machine, for soft 
iron has a smaller loss due to hystere- 
sis than is found in cast iron. 

479. Influence of Temperature on 
Magnetic Phenomena. — For conven- 
ience consider separate^ the thret* 
groups of substances; that is, /crro/na^- 
netic, parmnagneMc, and diamagnetic 
substances. 

Fig. 431. — Change in the 

magnetic permeability of iron a. Ferromagnetic Substances. — When a 
at the critical temperature, piece of iron, nickel, or cobalt is heated to 
Above the cntical temperature temperatures, it bv-and- 

by^ reaches a certain dennite temperature at 
which, it loses its magnetic properties. At this temperature, known as the 
critical temperature, there is an abrupt change from the ferromagnetic to the 
paramagnetic state. The behavior of iron near its critical temperature is 
shown in Fig. 431, where the permeability’' for a given magnetic field has been 
plotted against the temperature. It is seen from this curve that at the criti- 
cal temperature, which for iron is about 790°G., the permeability decreases to 
a small fraction of its original value. Above the critical temperature, the 
permeability corresponds to that of a paramagnetic substance. 

b. Paramagnetic Substances. — In the case of paramagnetic sugstances 
such as oxygen, the magnetic susceptibility is independent of the magnetic 
field but is inversely proportional to the absolute temperature. This 
relation is expressed in Curie's law which states that the magnetic suscepti- 
bility varies inversely as the absolute temperature. 

Let X = the magnetic susceptibility^ 

T — the absolute temperature. 

C = a constant depending on the nature of the substance. 
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c 

X rp‘ 

Weiss has shown that this law is only approximately true. 

e Diamagnetic Substances . — The effect of temperature on the diamag- 
netic susceptibility of bismuth is shown in Fig. 432. It is seen from these 
eiirv’es that the diamagnetic susceptibility of bismuth changes abruptly 
when bismuth passes from the solid to the liquid state. The magnetic 
•susceptibilities of water and quartz are nearly independent of the 

temperature. 
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Fw. 432. — Change in diamagnetic susceptibility of bismuth at the melting point. 
Above the melting point the susceptibility is small. 


480. Electromagnet, — ^When a piece of soft iron is placed inside 
of a solenoid, it becomes magnetized and thus produces an elec- 
tromagnet. Such magnets are much stronger than permanent 
magnets. The iron core loses much of its magnetism as soon 
as the current is removed from the coil. Under the action of th(‘ 



Fig. 433.— Electromagnet in a door bell. The electric circuit is alternately 
opened and closed. 

(mrrent, the minute molecular magnets are more or less oriented in 
one direction. When the current ceases to flow, this directive 
force is removed and these molecular magnets again point in 
various directions. 
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There are many applications of electromagnets. In the horseshoe t\"pe 
the windings are carried around the two legs of the magnet so as to make die 
windings continuous if the bar were straightened out. In this form of mag- 
net the opposite poles are brought closer together, and both poles are thus 
made available for lifting or holding. An illustration of this kind of magnet 
is found in the ordinary door bell. A hammer is pressed against a metallic 



Fig. 434. — Vibrating mechanism 
of a door bell. 



Fig. 435. — ^Large electromagnet. The 
pole pieces are made in the form of cones 
to concentrate the magnetic field. 


point by means of a spring A (Figs. 433 and 434). It thus closes the 
electric circuit containing the battery B, A soft-iron armature attached 
to the hammer is pulled over to the electromagnet when the circuit is closed 
through a push button. The electric circuit is thus opened. The hammer 
is allowed to fly back and the circuit is again closed. The circuit is thus 
alternately opened and closed. 

Large electromagnets have great lifting power. They are frequently used 
for lifting heavy loads in foundries. They hold the heavy load m the air 



Fig. 436. — Electromagnet for medical 
work. Used for extracting particles of 
iron from the eye, etc. 



Fig. 437. — Magnetic brake. The 
brake is operated by magnetic forces 
arising from the current in the 
solenoid. 


as it is carried from one part of the building to another. Smaller magnets 
are used in medical work, especially in extracting foreign magnetizable 
materials from the eye. A magnet used for this purpose is represented in 
Fig. 436. 

481. Magnetic Brake. — The magnetic brake is an application of the 
forces to be obtained from the magnetic field inside a solenoid. It consists 
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of a solenoid (Fig. 437) by means of which the weight W on the lever arm of 
the brake can be lifted. When current is supplied to the solenoid, this 
weight is lifted and the break released. If the current is shut off, the weight 
ir is released, the brake is applied to the brake wheel, and the machinery is 

stopped. 

482. Magnetic Separator. — A magnetic separator (Fig. 438) consists of 
two pulleys over which passes a belt that carries the material to be sepa- 



Fig. 438. — Magnetic separator, used to separate magnetic from non-magnetic 

materials. 

rated from the hopper. Some of this material is magnetic and some non- 
magnetic. This belt with its load passes over the pulley C which is 
magnetized. The magnetic material is carried around farther than the 
non-magnetic material so that the magnetic material naturally separates 
from the non-magnetic. The magnetic material is caught in the hopper D 
and the non-magnetic in the hopper E. 

483. The Electric Horn. — The electric horn as used on automobiles is an 
applifcation of an electromagnet. WTien the electric current is closed, the 



electromagnet (Fig. 439) attracts the armature which slightly displaces the 
diaphragm in the horn. This displacement of the armature also causes 
the electric circuit to be broken at the point in the figure which is marked 
“current interrupter.” The armature is then released by the electromagnet, 
and the electric circuit is again closed. The action is then repeated with the 
result that there is a continuous vibration of the diaphragm in the horn. 
The electric horn behaves essentially like an electric door bell. 
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Problems 

1 . A flux density of 210 lines per sq. ein. is produced in a wire of per- 
inalloy placed in the earth’s field where the latter has an intensity of Oh 
(j(wsted. What is the perin€‘ability of the alloy? 

2. A magnet has a winding 4 cm. long, with SO turns to the centimeter 
How many ampere turns are there, if the current is 4 amp.? What is the 
magnetomotive force? 

3. An electromagnet has a total flux of 140,000 lines. It is wound witii 
a coil containing 800 turns, carrying a current of 0.06 amp. What is the 
reluctance of the magnetic circuit? 

4 . An electromagnet requires a magnetomotive force of 800 gilberts. 
The magnetizing coil is of 320 turns and 60 ohms resistance. What voltage 
must be applied to the coil? 

6, The reluctance of a large magnet is 0.032 e.g.s. unit and the winding 
has 1,600 turns. What current is necessary in order to produce a flux of 106 
lines? 

6. A magnetic circuit consists of: (^1) 12 cm. of iron with a cross section 
of 6 sq. cm. and permeability of 200; (2) 80 cm. of wrought iron with a cross 
section of 18 sq. cm. and a permeability of 1,600; (3) 1.4 cm. of air with a 
cross section of 10 sq. cm. Calculate the reluctance of this circuit. 

7. How many ampere turns are required to produce a flux of 9,000 lines 
in the air gap of a magnetic circuit, the gap having a width of 0.8 cm. and an 
area of 22 sq. cm.; the remainder of the circuit consisting of 120 cm. of iron 
with a cross section of IS sq. cm. and a permeability of 750? 

3. What is the reluctance of an iron rod bent in the form of a circle having 
a radius of 10 cm. ? The diameter of the cross section of the rod is 1 cm., and 
the permeability of the iron is 800. 

9. A solenoid is 30 cm. long and 2.5 cm. in diameter. It is wound with 
5,000 turns of copper wire. ■\^Tiat current must be sent through the rading^ 
to produce a magnetic field of 5 oersteds at the center of the solenoid? • 

10 . An iron anchor ring is wmund with a solenoid having 800 turns,’ If * 
the current in the solenoid is 10 amp. and the permeability of the iron core is 
250, what is the magnetic induction, assuming the anchor ring has a cross 
section of 12 sq. cm. and a mean diameter of 40 cm.? 
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484. Currents Induced by Moving Magnets.— It was dis- 
covered by Faraday that if the ends of a coil of wire of many 
rums are connected to the terminals of a galvanometer (Fig. 440) 
and if the pole of a magnet is pushed into the coil, the pointer of 
the galvanometer moves, sho-ning the presence of a current in the 
circuit while the magnet is in motion. As soon as the magnet 
cea.ses to move, the current ceases in the galvanometer. When 
the pole of the magnet is removed from the coil, the current flows 
in the direction opposite to that in 
which it flowed when the magnetic 
])ole was inserted into the coil. If 
the opposite, pole is now thrust into 
the coil, the galvanometer deflects in 
the opposite direction, showing that 
the current is in the opposite direc- 
tion to that in which it flowed in the 
former case. 

It is immaterial whether the coil is 
moved with respect to the magnet or 
the magnet is moved with respect to Fig. 440.— Currents induced li.v 

the coU. The experiment may then LmTu STdireSns™. 
he performed in the following way the motion of the magnet is 
instead of in the way already de- 

.'icrihed. Over one pole of a magnet is thrust a coil containing 
many turns of 'wdre. As the coil is moved over the pole, a deflec- 
tion is noted in the galvanometer indicating an induced current. 
When the coil is removed, the deflection is in the opposite direc- 
tion. If the coil is thrust over the north pole instead of the south 
]»le, the deflections are reversed. 

These experiments show that it is possible to produce a momen- 
tary current by moving a magnet wuth respect to a coil of wire 
or by mo\dng a coil vuth respect to a magnet. Currents pro- 

441 
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duced in this way are known as induced currents. This is the 
most important method of producing electric currents. 

485. Ctirrents Induced by Currents. — It has already been seen 
that a coil of wire in which a current of electricity is flowing 
behaves in every way like a magnet. If, therefore, a coil of wire 
carrying a current of electricity is brought near another coil of 
wire connected to a galvanometer, effects will be expected very 
similar to those observed wiien a magnet is moved with respect 
to such a coil. In Fig. 441 a coil of wire S is connected to the 
terminals of a galvanometer, and a second coil P is connected 
to the terminals of a battery. If the coil P w’hich is carrying 
s p ^ p ^ current of electricity Is 

f UWX brought near the coil >S, a deflec- 

llli iff r] — ^ noted in the galvanom- 

Vm/ while P is in motion. 

4^ Qih When P is removed, there is 

^ again a deflection in the galva- 

§ /7^ /7WW nometer w^hich is in the direc- 

//ill t™ ttll A opposite to that noted 

pM I i ^ 

^ brought up. If the coils are 
— wound in the form of solenoids 

Fig. 441. — Currents induced by SO that One Can be inserted 
changing currents. Induced current in ^he other, the induced 

the secondary flows in opposite direc- x • i 

tions when the flux is increased and current IS larger m each case. 

when, it is decreased. 'j']20 effect observed in the gal- 

vanometer is the same, whether P is brought near to the coil S or 
the coil S is brought near to P. The greater the current in the 
coil P, the greater is the deflection in the galvanometer caused by 
the induced current. The larger the current in P, the greater the 
magnetic field surrounding it. By inserting an iron core in the 
coilP, the magnetic field about it may be very greatly increased; 
and when the coil P containing such an iron core is introduced 
into the coil S, the induced current in S is much increased over 
that which was obtained when the coil P did not contain an iron 


core. 

486. Making and Breaking the Circuit. — When the coil P is 
placed inside the coil S with the iron core in position, and the 
current through P is suddenly broken, a large induced current 
is set up in the coil S, By breaking the circuit of the coil P, the 
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current in this coil disappears and with it also disappears the 
magnetic field which surrounded it. The removal of these lines 
of force from the coil P and the coil /S at the same time causes a 
current in the coil S. This current in the coil S continues only 
^ long as the current in P is changing. If now the circuit of P 
is again closed allowing the current in P to flow, there is an 
induced current in S while the current in P is building up to 
its final value. This current, however, is in the direction opposite 
to that of the current observed when the circuit was broken. 

By comparing the currents obtained in these cases with those 
obtained by bringing up or taking away the coil P, it is found that 
the effect of bringing the coil P up to /S is the same as closing the 
circuit in the coil P, and the effect of taking P away from the coil 
S is the same as opening the circuit of the coil P. The coil P 
through which the current flows from the battery is known as 
the primary, and the coil S in which the electromotive force is 
induced is called the secondary. 

487, Law of Induced Electromotive Forces. — These obser- 
vations show that there is an induced current set up in the 
secondary (1) when the current in the primary is started or 
stopped; (2) when the magnitude of the current in the primary is 
either increased or decreased; (3) when the primary coil carrying 
a current of electricity is moved either closer to or farther from 
the secondary; (4) when a permanent magnet is moved with 
respect to a coil of wire. All of these facts may be included in the 
two following laws : 

1. There is an induced electromotive force in any coil of wire 
in which the number of lines of force is changing, and the mag- 
nitude of this electromotive force is proportional to the rate at 
which the number of lines of magnetic force through the coil is 
changing. 

2, There is an induced electromotive force in any conductor 
which is moving across lines of force, and the magnitude of this 
electromotive force is proportional to the rate at which the lines 
of force are being cut by the conductor. 

488. Lenz’s Law. — An experimental determination of the direc- 
tion of the induced currents in these circuits shows that the 
induced current always flows in such a direction that its mag- 
netic field opposes the changes of conditions giving rise to the 
induced current. This is known as Lenz^s law. 
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To illustrate Lena's law, consider a north-seeking pole which 
is being pushed into a coil of wire. A current will flow’ in the 
coil, and this current wdll be in such a direction that its magnetic 
action will oppose the motion of the magnet. Xow’ the forci^ 
exerted by a north-seeking pole is the only force w’hich can oppc^e 
the approach of a north pole. Hence, the current in the coil 
c: of wire w’ill be in such a direction that it 

■'1'^ will produce a north pole at the end of the 

^ ^ coil lying nearest the approaching north 

7 ~' " \ — pole of the magnet. Consider now’ that 

^ 1 \ " the north pole of the magnet is taken away 

X Nr from the coil. The current in the coil will 

^ direction that it will oppose 

-1- — ^ “^he taking aw^ay of this north pole. In 

- - order to oppose the taking aw’ay of the 

pole, an attraction must be produced. It 

FiG.442.-Thedtection therefore, necessary to make the end of 
of the induced electro- the coil nearest the receding magnetic pole 

rtheikection ^ Consequently the current 

and on the direction of the in the coil flow^s in such a direction that a 
magnetic field. south pole is developed at the end nearest 

the receding north pole, thus producing an attraction which 
opposes the motion of a north magnetic pole. 

489. Direction of Induced Electromotive Force. — It is of much 
convenience to have a rule by which to remember the direction 
in w^hich the induced current flow^s when the direction of the 
motion and the direction of the mag- r Direcffonof 

netic field are known. Suppose that 'induced current 

a straight wire is moved across a ir ^^^JL'-^'Direcfhn of 
magnetic field (Fig. 442). If the mcgnetkfidd 

conductor is carried upward, the cur- ''Direcffon of motion 

rent is found to flow from A to B. y,,,. 443.-ShSand rule for 
If the conductor is carried dowm- determining the direction of an 
ward, the current flows in the oppo- ^ 

site direction. If the direction of the magnetic field is reversed 
without changing the direction of motion of the conductor, the 
direction of the current is reversed. In order, then, to know’ the 
direction of the current, it is necessary to know the direction of 
the magnetic field^ and the direction of motion of the conductor. 
The following rule has been suggested by Fleming. 
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Extend the thumb (Fig. 443), forefinger, and middle finger of 
the right hand so they are at right angles to each other. Let 
the thumb point in the direction in which the conductor is moving 
and the forefinger in the direction of the magnetic field. Then 
the middle finger will point in the direction of the positive induced 

current. 

490. Electromotive Force Induced in Moving Wire.— The mag- 
nitude of the electromotive force induced in a moving conductor 
depends on three factors: (1) the number of lines of force per 
unit area in the magnetic field; (2) the speed with which the 
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Fig. 444. — The greater the velocity of the wire 4/L, the greater the magnitude 
of the induced electromotive force. Reversing the direction of motion of .V/. 
reverses the direction of the induced electromotive force. 


conductor moves at right angles to the field; (3) the length of 
the wire which is being moved. In Fig. 444 


E - 


B XvXl 
IQS 


volts, 


where E is the induced electromotive force in volts, v the velocity 
in centimeters per second, and I the length of the wire in centi- 
meters. The greater the speed with which the conductor moves, 
and the stronger the magnetic field and the greater the length or 
number of wires, the greater is the induced electromotive force. 
These relations may all be expressed by saying that the induced 
electromotive force is proportional to the number of lines of force 
cut each second by the moving conductor. If a conductor cuts 
100,000,000 lines of force per second, there is a difference of poten- 
tial of 1 volt between its ends. 

Example. — A wire which is 50 cm. long is carried through a magnetic 
field of 15,000 lines per square centimeter at the rate of 100 cm. per second. 
What is the electromotive force between its ends? 

The number of lines cut = 15,000 X 50 X 100 — 75,000,000 per second, 

„ - number lines cut 75,000,000 _ « . 

E.m.f. - jQs = ^8 0.75 volt. 
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491. Electromotive Force from Change of Flux. — It has just 
been seen that the electromotive force in abvolts set up in any 
moving conductor equals the number of lines of force which it 
cuts per second. The effect is the same whether the conductor 
is moved across the lines of force or the lines of force are made to 
cut across the conductor. Hence it follows that in any circuit 
or coil the electromotive force produced by induction is equal 
to the change per second in the number of lines of force included 
by the circuit. This change may arise out of the fact that the 



Fig. 445. — Earth inductor, used to measure the magnitude and direction of the 
earth’s magnetic field. {Courtesy Central Scientific Company.) 

number of lines of force in a circuit of given dimensions either 
increases or decreases. On the other hand, it may arise from 
the fact that the dimensions of the circuit either increase or 
decrease, and because of this fact the circuit includes a greater 
or less number of lines of force. 

li E = the average electromotive force in volts during the time 
interval t] 

Ni = the number of lines of force through the circuit at the 
beginning of the interval; 

Nz = the number of lines of force through the circuit at the 
end of the interval; 
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then 

jV’o - Ni 

E ^ IqU (Appendix E-15.) 

By taking the time interval t very short, the average value of 
the electromotive force over a very short interval becomes nearly 
equal to the instantaneous value at that instant. 

When several turns of wire are in the coil, each turn of wire cuts 
ail the lines of force. To obtain the total induced electromotive 



Fig. 446. — Electromotive force induced in a rotating copper disk. The magni- 
tude of the electromotive force depends both on the speed of rotation of the disk 
and on the intensity of the magnetic field. {Courtesy Welch Manufacturing 
Company.) 


force, the rate of change of flux in the circuit must be multiplied 
by the number of turns of wire by which the flux is linked. The 
expression for the induced electromotive force then becomes 


E - 


iVs - Ni 

t X 10^ 


n volts, 


where n is the number of turns in the coil. 

When a coil of wire is rotated in the magnetic field of the earth 
(Fig. 445), an induced electromotive force is produced in it. If 
a copper disk (Fig. 446) is rotated between the poles of a magnet 
an electromotive force is produced along the radius of the disk. 
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Example. — A circuit which consists of a single turn of wire encloses 10,00(1 
lines of force. If these lines of force are removed from the circuit in O.Ol 
sec., find the induced electromotive force which is set up in the circuit. 


Induced e.m.f. 

E 

E 


rate of change of flux 
lO'* 

Ae - N 


t X 108 
10,000 


0.01 X 108 


volts. 

volts. 

0.01 volt. 


Example. — A circuit consists of 25 turns of wire, and the magnetic flux 
in it is changing at the rate of 1,000,000 lines per second. electro- 

motive force in volts is produced in the circuit? 


E.m.f. = 


time rate of change of flux X number of turns 
108 “ 


A' 0 - Ni 

^ = ”7300^ '-"It®- 
^^ 25 XI, 00 0 ^ 00,0 35 , 01 , 
10® 


492. Quantity of Electricity from Induced Electromotive 
Forces. — The induced current in the circuit at any instant is 
obtained according to Ohm's law by dividing the instantaneous 
electromotive force by the resistance of the circuit. Hence, 


i 


e 


R 


and since e 



e.m.u., 




N2 - Ni 

Rt 


e.m.u. 


From this equation it is seen that since the resistance of the cir- 
cuit is constant, the instantaneous value of the current is greatest 
when the induced electromotive force is greatest; that is, the 
induced current is greatest when the number of lines of .force in 
the circuit is changing most rapidly. 

The quantity of electricity which flows through the circuit ij^ 
equal to the current in the circuit times the time during which 
this current flows. Hence, 

it^Q= coulombs. 

R X 10® 

From this equation it is seen that the total quantity of electricity 
in coulombs which flows past a given point in the circuit because 
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,if induction is equal to the total change in the number of liiu's of 
force through the circuit divided by the resistance of the circuit 
in ohms and bj' 10®. The quantity of electricity is indeptuident 
of the time during wliich the lines of force are being cut and is 
the same whether the lines of force are cut rapidly or whether 
they are cut slowly. The current, however, is not the same in 
the two cases. When the lines of force are cut slowly, a smaller 
current flows for a longer time. When the lines of force are cut 
rapidly, a larger current flows for a shorter time, so that the 
quantity of electricity is the same in the two cases. 


Example. — Find the quantity of electricity in coulombs which flows pa.st 
;iuy point in a closed circuit, consisting of 20 turns of wire with a resistance 
of 10 ohms, when the total flu,x in it is changed from 10,000,000 to 1,000,000 

lines. 


^ _ 10 , 000,000 - 1 , 000,000 . . _ , , 

V lb X 10^ ^ coulombs 


9,000,000 X 20 
10 X 108 


= 0.18 coulomb. 


493. The Induction Coil.— An important illustration of induced 
electromotive forces is found in the induction coil. This coil 



Fin. 447. — Wiring diagram of an induction coil. The current in the primary is 
interrupted by opening and closing the circuit at D. 


consists essentially of a core made of fine soft-iron wire (Figs. 447 
and 448). Around this iron core is wound the primary coil made 
of a few turns of heavy copper vire. Insulated carefully from 
this primary coil is the secondary which is wound on the outside of 
the primary. The secondary contains a large number of turns 
of fine wire which is silk covered for better insulation. By mak- 
ing or breaking the current rapidly in the primary, an induced 
electromotive force is set up in the secondary. In order to break 
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the current rapidly in the primarj', a hammer interrupter Ls 
connected in the primary circuit. This interrupter consists of a 
heavy spring ■which is fastened to a piece of iron. This piece of 
iron is near the iron core of the primary. As the iron core is 
magnetized by the primary current, it pulls over the spring with 
this piece of iron. The primary current flon's through the spring 
to a point D in contact with the spring and then out to the batterj- 
B. When the spring is pulled away from the contact D, the 
primary current is broken. The current in the primary dies 
away and the magnetism of the iron core disappears. The spring 



Fig. 448. — Induction coil. {Courtesy Welch Manufacturing Company.) 

with the piece of iron flies back into position and the primar}^ 
circuit is again closed. This is the same action which takes place 
in the electric door bell. 

When the primary circuit is broken, an electromotive force is 
induced in the secondary. This electromotive force is large since 
the number of turns in the secondary is much larger than the 
number of turns on the primary. If the terminals of the vire 
forming the secondary are not joined together, a spark tends to 
jump from one end of the wire to the other. 

To get the greatest induced electromotive force the primary 
current must be stopped as quickly as possible. To effect this, 
a condenser C is connected across the gap in the primary. This 
condenser is made of sheets of tinfoil which are separated by 
paraflSn paper. It acts as a storage place into which the current 
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van ?urge when the circuit is broken. The rapidity with which 
the current in the primary is eliminated is thus increased and 
the magnitude of the induced electromotive force in the second- 
ar}' is correspondingly increased. The condenser also helps to 
prevent sparking at the contact when the primary’- current is 
broken. 


pparkRug 


494. Make -and -break Ignition. The principle of the induction coil is 
iimde use of in the make-and-break system of ignition (Fig. 449). A coil of 
wire consisting of many turns is wound on 
a soft-iron core. This coil is connected 
through a battery E to two points inside 
the cylinder of the gas engine. One of 
these points is stationary, and the other 
moves. 'When the points separate, the cur- 
rent is broken; but the tendency of the cur- 
rent to keep on going is so great that a 
spark occurs at the time at which the points 
are separated. This spark which jumps 


JhdudJon 

Co/7 




Fig. 449. — Make-and-break ignition. 


Hmlving^ ^ 

Cam "T’lov/r^Arw 

Fig. 450. — High-tension ignition. 


across the gap between the points ignites the gases in the cylinder of the engine. 

496. High-tension Ignition. — ^The electrical connections of a high-tension 
ignition system are represented in Fig, 450. Such a system consists essen- 
tially of an induction coil with terminals of the secondary' connected to the 
spark plug. The terminals of the primary are connected through the 
battery E to the stationary and revolving arms of the contact maker. In 
order to insure quick cessation of the primary current and prevent destruc- 
tive arcing at the vibrator contacts, a condenser is connected across the 
battery and the vibrator contacts. When the piston of the engine is near 
the end of its forward stroke, the revolving of the contact maker opens the 
primary circuit and causes a spark in the secondary" at the spark plug. 
This produces an explosion of the gases in the cylinder. 

496. The Transformer. — If an iron ring (Fig. 451) of any form 
be wound with two separate coils which are insulated from each 
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other and an alternating current be maintained in one of them, 
an alternating current of the same frequency will flow in the 
other. Let one of these coils be called the primary and the 
other the secondary. Energy has been handed from the primary 
to the secondary through the medium of the iron core. If the 
small losses in the iron core can be neglected, the energy in the 
primary circuit must be equal to the energy in the secondary. 

Let Ep = the voltage in the primary. 

Ip = current in the primar^v 
Es = voltage in the secondary. 

Is = current in the secondary. 


Then 


Epip 


— Esia 


The ratio Np to of the number of turns in the primary to 
the number of turns in the secondary determines the ratio of 
Ep to Es. If there are a large number of turns on the secondary 

and few turns on the primary, 
the electromotive force of the 
secondary will be large in com- 
parison with that of the primar}\ 
It can be shown that 


"?t 






Fig. 451. — A transformer showing 
primary and secondary connected by 
an iron core. 


E, 


A'. 


k 


It is seen from this equation that in that coil, or winding, 
of a transformer where the electromotive force is large, the current 
is small; and that in that coil, where the electromotive force is 
small, the current is large. Hence, by^ means of such a trans- 
former, a small electromotive force and a large current may 
be transformed into a large electromotive force and a small 
current. There are, then, two types of transformers: step-up 
transformers^ which increase the voltage and decrease the cur- 
rent; and step-down transformers, which decrease the voltage 
and increase the current. In the former, the secondary has a 
large number of turns in comparison with the primary. In the 
latter, the reverse is the case. In practice, the current is gener- 
ated at high voltage, then transmitted to the place W' here it is to 
be used, and there transformed into a lower voltage. There is 



ISOVCEl) CVRHESTS 




Ics.-: lost, of energy in transmitting small current;;, at high voltages 
ihan there is in transmitting large currents at low voltage. 

A tran.sformer for ringing door bells has been ri'presenled in 
Figs. 452 and 453. It takes a small current at 110 volts and 
transforms it into a larger current at a {wtential of a few volts. 



Fiif. 452. — Door-bell 
transformer. 



Fig. 4o.' 5. — Details of (ioor-l)eii 
transformer. 


Secondary 


497. The Autotransformer. — For small transformers whtnv the 
ratio of transformation is not large, economy of construction and 
(‘fficiency of operation are obtained by using 
the same coil for both primary’' and second- 
ary. Such a transformer is known as an 
autotransformer. The arrangement and 
connections of the coils are shown in Fig. 454. 

The entire coil AC is the primary of the 
transformer, and the part between B and C 
is the secondary. If Niis the total number 
of turns on the primary AC; N 2 the number 
of turns on the secondary between B and 
Q; El the electromotive force applied to the 
primary; the electromotive force set up in 
the secondary; h the current in the primary; 
and J 2 the current in the secondary, then 


L_SS0i^o/fs_ 

^ primary 
Fig. 454. — An auto- 
transformer to produce 
low voltages in the 
secondary. 


El ^ ^ Ai. 
Ei h N2 


Since N -2 is less than Ni, E^ is also less than Ei, and the trans- 
former steps down the voltage. 
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Such stei>down autotraiisformers are used for reducing the 
electromotive force applied to alternating-current motors while 



Fig. 455. — Telephone receiver. Change in the current in the coils about the 
poles of the magnet causes a movement of the diaphragm D. 



Fig. 456a. — Diagrammatic representation of a telephone transmitter. Change 
of pressure on the carbon granules causes a change of current in the primary 
which induces a current in the secondary. 


the motor is being started. In such cases they take the place of a 

starting box. 

498. Telephone. — The receiver of 
a telephone (Fig. 455) consists of a 
hard-rubber handle containing a 
hard-steel horseshoe magnet, around 
the end of which are wound coils of 
fine wire. The ends of this wire are 
brought to binding screws on the end 
of the receiver. Close to the end of 
the magnet MN which carries the 
coil of wire, there is placed a disk D 
of thin sheet iron. This disk is sup- 
ported at its edges so that it is free 
to vibrate in the middle which is 
Fig. 4566. Telephone transmitter, placed near the end of the magnet. 
{Courtesy Bell Telephone LaboraioHes.) jg clamped at the edges to the 

receiver by means of a hard-rubber cap with a hole in its center. 

The transmitter (Fig. 4o6a) consists of a cell C which contains carbon 
granules between two plates of polished carbon. In front of this cell is 
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mounted a metal diaphragm D. The terminals of the battery B are con- 
Bected to metal plates at the front and back of this carbon cell so that the 
current from the batterj^ goes through the carbon resistance- The battery 
B is also connected in series with the primary P of a small induction coil. 
Xhe secondary S of this induction coil is connected to the line wires leading 
to the receiving station. As the diaphragm D vibrates in response to sound 
waves, it changes the pressure on the carbon granules in the cell C. This 
causes a change in the resistance of the cell, since the resistance of loose, 
carbon contacts varies rapidly with the pressure. This variation in resist- 
ance produces a fluctuation in the current from the batter\' B. This 
fluctuation of current in the primary produces induced currents in the 
secondary. These induced currents in the secondary pass along the line 
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Fig, 456c. — C ombined telephone receiver and transmitter. {Courtesy Bdl 
Telephone Laboratories.) 


wires to the receiver at the other end of the line. The}' there change the 
strength of the magnet which is acting on the diaphragm in the receiver. 
Vibrations are thus set up in the diaphragm of the receiver. These vibra- 
tions correspond to the sounds which produced the vibrations of the dia- 
phragm in the transmitter. Hence, the sounds imparted to the diaphragm 
of the transmitter are reproduced by the diaphragm of the receiver. 

Problems 

1 . A wire 250 cm. long moves across a magnetic field with a velocity of 
8 m. per second. Find the voltage induced in the wire, if the field intensity 
is 4,000 lines per square centimeter. 

2. An electromotive force of 4 volts is obtained by moving a wire 160 
cm. long at a rate of 15 m. per second across a uniform magnetic field. 
What is the intensity of the field? 

3. An exploring coil has an area of 1.5 sq. cm. and consists of 14 turns. 
When it is jerked out of a magnetic field with its plane perpendicular to the 
field, it gives a throw in the galvanometer of 6 cm. A magnetic standard 
having 12 turns is connected to the same galvanometer, and the deflection 
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is found to be 18 cm. when a total flux of 25,000 lines is cut by each of tli(. 
turns of the magnetic standard. If the resistance of the circuits is the san i. 
in the two cases, what is the intensity of the field cut by the exploring coir 

4 . A coil of 80 turns with a radius of 6 mm. and a resistance of 20 ohnil 
IS placed between the poles of an electromagnet and suddenly removfii 
A charge of 9 X 10~® coulomb is sent through a galvanometer connected ti! 
the coil. The resistance of the galvanometer is 2,400 ohms. 'Rliat is the 
intensity of the field of the magnet? 

6. A galvanometer with a resistance of 800 ohms gives a full-scale deflec- 
tion for 8 X 10~® coulomb of electricity. A coil of 120 turns and 80 ohni^ 
is to he constructed to study fields up to 9,000 oersteds by observing deflec- 
tions produced when the coil is suddenly removed from the field. ^Tat i,i, 
tlie maximum radius allowable for the coil? 

6. A coil of 300 turns with an area of 380 sq. cm. is placed with its plane 
perpendicular to the earth’s field and rotated *in sec. through a quarter 
turn, so that its plane is parallel to the earth’s field. What is the average 
electromotive force induced, if the earth’s field has an intensity of 0.75 
oersted? 

7. A toy transformer has a 1,600-tum primary to be connected to a 
110-volt circuit. How many turns of secondary' must be used to get 6, 9, 
15, 22, and 32 volts, respectively? 

8. Calculate the electromotive force which is induced in the axle of a car 
which is moving with a speed of 30 m. per second, where the vertical compo- 
nent of the earth’s magnetic field is 0.55 oersted. Assume that the length 
of the axle is 110 cm. 

9 . Find the electromotive force induced in a coil having 400 turns when it 
is removed from the air gap between the poles of a magnet which produces 
12,000 lines of force per square centimeter. It is assumed that the plane 
of the coil is originally perpendicular to the lines of force and that it is 
removed from the magnetic field in 0.025 see. The area of the coil is 
1 sq. cm. 

10. The efiiciency of a transformer is 95 per cent. The secondary has 
200 times as many turns as the primary’. It is used on a 110-volt circuit. 
WTiat is the voltage across the secondary? 
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THE DYNAMO 

499. The Current in a Revolving Loop.~If we rotate a rec- 
tangular coil of wire between the poles of a large electromagnet, 
we have a picture of what goes on in a djmamo in the simplest 
I'ase. Let the loop of wire be revolving as shown in Fig. 457. 
Suppose we start with the coil in the vertical position and turn 
it clockwise. The side AB of the loop will be mo\ing down 
across the magnetic field. . Applying the 
right-hand rule to the wire AB the induced 
electromotive force is found to be in the 
direction B io A. Applying the same rule 
to DC the electromotive force is found to 
be from D to C. Hence, a current flow’s 
around the loop in the direction indicated. 

When the loop has moved one-half revo- 
lution from its vertical position, the side AB 
l)egins to move up and the side DC to move 
down. The current in the w'ire will now be 
reversed, since the direction of motion has 
been reversed. During this half of the 
revolution, the current will go around the 
loop in the opposite direction to that in 457.— -Current in 

which it flowed in the first half of the revolu- a revoU-ing loop of wire 

tion. Wien such a loop is revohing in a toLnofortS'^curr^ew 
magnetic field, it has in.it an alternating in the mre reverses twice 
current w’hich reverses its direction twice 
during each revolution. This current will have its least value 
when the coU is in the vertical position. In this position the 
wires in the coil are moving parallel to the magnetic field and are 
therefore not cutting any lines of magnetic force. When the coil 
is in the horizontal position, each of the wires is cutting the lines 
of force most rapidly because it is moving at right angles to these 
lines of force. At the instant the coU is in the horizontal position, 

457 
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the current has its maximum value. The relation between the 
position of the coil and the electromotive force is evident from 
Fig. 458. 

600. Sine Curve of Electromotive Force. — If we measure the 
angle through which the coil has rotated from its vertical po.si- 
tion, the horizontal position would be 90 deg. from this posi- 


A' ^ 



Fig. 45S. — Rate of cutting lines of force is greatest when coil is in horizontal 

plane. 

tion. When it is again vertical, it would be 180 deg. from this 
position; and when it is again horizontal, it is 270 deg. from its 
initial position. Xow plot a curve between the position of the 
coil and the electromotive force generated in it. The position of 
the coil vill be measured from its first vertical position and will 
be plotted on the horizontal axis. The electromotive force gen- 
erated in the coil will be plotted on the vertical axis. Electro- 



Fig. 459. — Sine curve of electromotive forces. In commercial circuits the 
frequency is 60 cycles per second. 

motive forces in one direction are arbitrarily called positive, and 
those in the opposite direction are called negative. By this 
method, a curve like that shown in Fig. 459 is obtained. This 
curve shows that the voltage generated in the coil rises rapidly to 
a maximum value when the coil has turned through 90 deg. and 
then decreases to zero again when the coil is vertical. Here its 
direction is reversed. It then rises to a maximum value in the 
opposite direction. From this position it decreases to zero a 
second time and is again reversed when the coil has made one 
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eoDipl^t® revolution. This cycle of events takes place during 
every complete revolution of the coil. 

601. Collecting Rings.— If an outside circuit is connected con- 
tinuously to the two ends of the revolving coil, the electromotive 
force in the outside circuit behaves just like the voltage in the 
revolving coil. This is an electromotive force which reverses its 
direction twice for each revolution of the coil. In order to make 
continuous connection between the revolving coil and the outside 
circuit, the ends of the wire forming the coil are fastened to two 
rings (Fig. 460) which are mounted on the axis of the revolving 
coO. On each of these rings presses a spring called a brush, and 
to these brushes are connected the terminals of the outside cir- 


N 



Fig. 460. — Collecting rings on 
a dynamo. There is an alter- 
nating current in the external 
circuit. 


N 



Fig. 461. — Direct-current dy- 
namo. Because of the commu- 
tator the current flows in only one 
direction in the external circuit. 


cuit. As the coil revolves, these rings revolve with it, moving 
under the brushes and always making contact vrith the vires 
forming the external circuit. In Fig. 460 the external circuit is 
represented as a number of lamps. These lamps form a continu- 
ous circuit with the revolving coil, and the electromotive force 
generated in the coil maintains an alternating current in these 
lamps. 

502. The Commutator. — To get a direct current, that is, one 
which always flows in the same direction through the circuit 
from a loop of wire revolving between the poles of a magnet, 
the terminals of the wire instead of being Joined to tw^o rings are 
joined to a divided ring called a commutator, shown in Fig. 461. 
On this divided ring press two brushes w^hich are connected to the 
external circuit and so placed that they slip from one segment to 
the other at the time at which the electromotive force in the 
revolving coil is zero. To understand better how this commuta- 
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tor works, consider a simple ease. If the revolving loop is rotat- 
ing clockwise, the wire CD which is ino\dng downward will give 
a current in the direction of the arrow", and the current in the win- 
AB wdll be in the direction of the arrow- on that w-ire. Hence, the 
current will leave the brush T and circulate through the external 
circuit in the direction of the arrow from T to S, When the loop 
has made one-half revolution, the segment of the commutator 
w'hich w-as in contact with the brush T makes contact with the 
brush S, and the other segment makes contact with the brush 
T. The wire CD is now moving up and the current in it is 
reversed. The wire AB is mo\ing dowm and the current in it is 
also reversed. The segments of the commutator have, however, 
reversed their positions. Hence, the current will still leave by 
the brush T and flow- through the external circuit in the same 



Fig. 462. — With a commutator the current in the external circuit pulsates but 
always flows in one direction. 

direction in w-hich it flow-ed in the former case. By this means the 
current in the external circuit is ahvays kept flowing in the same 
direction. In the revolving coil the current flows first in one 
direction and then in the other. 

The voltage across the brushes may now be represented by a 
curve of the form shown in Fig. 462. When the coil is in the 
vertical position betw-een the poles, it will be mo\ing parallel to 
the lines of force and no electromotive force will be generated 
in it. When it has revolved 90 deg. from this position, it will be 
cutting lines of force most rapidly and the electromotive force 
will have its greatest value. When the cod has again turned 
into the vertical position, the electromotive force at the brushes 
is again zero, and, one-quarter of a turn later, the electromotive 
force will be again a maximum. Since the position of the com- 
mutator has been reversed with respect to the brushes, this elec- 
tromotive force will have the same direction at the brushes as in 
the former case. A machine provided with a commutator for 
keeping the current always in the same direction in the exteniai 
circuit is a direct-current dynamo. 



THE DYNAMO 


461 

80S. Ring and Dnim Armatures.— There are two general ways in which 
ymatures are wound: (1) the drum type and (2) the ring type. ' 

In the drum type a cylinder of iron is built up out of thin sheets of iron. 
The use of such sheets of iron for the armature decreases the losses which 
would occur if the cylinder were made of a solid piece of iron, as will lx* 



Fig. 463. — Drum armature. 


explained later. Around the outside of this cylinder are wound the wires in 
which the electric currents are induced. The surface of such a core is 
usually slotted so that the loops of wire lie between projections as in Figs. 
463 and 464. 

In the ring type of winding, the cylinder is built up as in the drum type 
,.>:(*ppt that it is hollow and the wires are wound in and out in such a way 



Fig. 464. — Drum armature and commutator. 



Fig. 465. — Ring armature. 


that they do not pass continuously around the outside of the cylinder 
Fig. 465). In the ring armature, only one side of the wires cuts the lines of 
force. The other wires are on the inside of the ring where there are few 
lines of force. On the other hand, in the drum armature ail the wires are on 
the outside, and each loop cuts all the lines of force. The drum type is the 
one now more commonly used because it is stronger and simpler. 

604. Excitation of the Fields of Generators. — Generators and motors 
arc often classified with regard to the manner in which the electromagnets 
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which produce their field are excited. From this point of view generatoi^ 
may be classified as separately excited or self-excited. The self-excited 
generators may again be divided into series-, shunt-, and compound -wound 
generators according to the way in which the field windings are connected 



Fig. 400. — Revolving magnetic fields of 
a generator. 


to the external circuit. In a sepa- 
rately excited generator or motor, 
the current for the field coils is taken 
from an outside source of current. 
In the self-excited generators, the 
current for the field coils is supplied 
by the generator itself. Where it is 
desirable to keep the field strength 
in the machine independent of the 
current which the machine is taking 
or delivering, separately excited 
generators or motors are used. Self- 
excited generators may change their 
polarity in starting and stopping, but 
this is not true of separately excited 
generators. 


505. Series-wound Dynamo. — In a series-wound djniamo the 
current which is in the main line also goes through the wires 
which form the field coils. The coils producing the magnetic 
field are thus in series with the external circuit (Fig. 467). The 
field coils consist of a few turns of coarse wire 
and have, therefore, a low resistance. When 
the generator is not delivering current, there is 
no magnetic field except that due to residual 
magnetism. 

The greater the current taken by the line, the 
greater is the current in the field coils and the 
greater is the magnetic field in which the arma- 
ture rotates and, consequently, the greater the 
electromotive force generated in the armature. 

In order to keep the magnetic field constant and 
therefore the electromotive force constant, it is 
necessary always to use the same current in the rent flows through 
external circuit. Such a dynamo is satisfactory 
for operating a number of arc lights in series, for in that case 
the current is always the same. It is not satisfactory for operat- 
ing a number of incandescent lamps in parallel, for every time 
one or more lamps are turned off or on, the voltage of the d 3 mamo 
changes. 


Ma'in circuit 



wound dynamo. 
Ail generated cur- 
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606 . Shunt-wound Dynamo.— In this type of winding the 
field coils are in parallel with, i.&., shunted across, the main cir- 
cuit as in Fig. 468. Many turns of fine copper wire are wound 
on the field coils, giving them a high resistance. It is not desir- 
able to have a large current in the field coils as this decreases the 
efficiency of the machine. 

IVTien the current in the external circuit is increased, the 
voltage at the terminals of this kind of generator decreases 
somewhat. This drop in voltage tends to decrease stiU further 
the current in the field coils and cut down the* magnetic field 
and the voltage of the machine. A shunt-wound generator 
does not, therefore, supply constant voltage for all loads. 


Main circuit Main circuit 




Fig.- 468. Fig. 469. 

Fig. 468. — Shunt- wound dynamo. Only part of the generated current flows 
through the field coils. 

Fig. 469. — Compound-wound dynamo. 


507. Compound -wound Dynamo. — On increasing the current 
supplied by a series-wound dynamo, the voltage also increases. 
On the other hand, increasing the current supplied by a shunt- 
T\'ound generator causes a drop in the voltage. It should then 
be possible to combine these two types of windings and produce a 
type of winding which gives constant voltages for all loads. 
This is what is done in the compound-wound dynamo (Fig. 469). 
The field coils are wound first with a large number of turns of 
fine wire just as in the shunt-wound type. On top of these 
windings is then wound a series coil in series with the main circuit. 
When the current in the external circuit is increased, these series 
windings tend to increase the voltage which the machine is 
making. At the same time the effect of this increase of current 
in the external circuit is to decrease the magnetic field produced 
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by the shunt windings. These two effects may be made tti 

neutralize each other and the 
voltage* thus kept constant far 
different loads. 

608. Losses in a Generator.— Th»* 

losses which occur in a generator 
may be divided into three classes: 1 1 
mechanical losses such as friction; 

(2) the copper losses due to ohmic 
heating in the field and arniatim*; 

(3) the iron losses due to eddy cur- 
rents. To find the mechanical 
losses, it is necessary to determiin* 
the mechanical forces necessary to 
overcome such forces as friction. 
The copper losses can be eompiitt^l 
by multiplying the square of the 
current in the armature by the resist- 
ance of the armature and adding 
to this the product obtained ly 
multiplying the square of the current 

in the field coils by the resistance of the field coils. Thus 

Ha— ia^Ra> 

IT/ ~ if-Rj. 

Copper loss — Wa -j- W/. 

Whenever a conductor cuts lines of force, there are set up in it induced 
electromotive forces which tend to send electric currents through it. The 



Ftg. 471. — A 1-kw. gasoline electric generating set. (Courtesy General Eledrk 

Company.') 

copper wires of an armature are wound on an iron core, and this iron core is 
an electrical conductor which is revolving in a magnetic field and cutting 
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lines of force. There will be set up in this iron core induced electromotive 
forces which will tend to send currents of electricity through it. These 
currents, as they are called, will heat the iron of the armature. Their 
prestuiee also makes it more difficult to rotate the armature in the magnetic 
field and thus requires that more energy be supplied for the operation of the 



Fig. 472. — A farm light plant. 


generator. In order to reduce these eddy currents, and the losses to which 
they give rise, to a minimum, the armature is built up of thin sheets of iron 
which are insulated from each other. These sheets of iron are so placed 
that their planes are perpendicular to the direction in which the currents 
tend to flow. This cuts down the induced electric currents without changing 



Fig. 473. — Distribution of flux in a magneto. 


The magnetic flux. The thinner these sheets of iron, the less the eddy- 
current losses. 

509. Magneto. — The operation and construction of a magneto are the 
same as those of the simple dynamo except that the magnetic field in which 
the armature rotates is produced by permanent magnets in the magneto 
and by electromagnets in the dynamo. The cycle of operation through 
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which the magneto goes will be exactly like that described for the dynamo. 
The distribution of flux in a magneto in different positions is shown in Fig. 
473. The construction of a magneto is shown in Fig. 474. 

If the external circuit from such a magneto is carried to the spark plug 
of an engine, the armature must be driven so that it is making its maximum 
electromotive force when the spark is needed in the engine. This is provided 

for in practice by properly timing the spark 
and controlling the rate at which the arma- 
ture rotates. The armature is driven from 
the flywheel of the engine through a reduc- 
ing gear, ^o that the armature makes one 
revolution to two revolutions of the fiv- 
wheel. It would be possible to reduce the 
rate of revolution of the armature still 
Fig. 474, — Disassembled magneto, further, but this is rarely done. 



510. Efficiency of Generators. — ^The efficiency of an engine 
has been defined as the output di\TLded by the input. 


Efficiency = 


output 

input 


In a generator it is easy to measure the output by measuring 
the current and the voltage. The input is obtained by adding 
the losses to the output. In this case the efficiency may be 
■written as 


Efficiency = 

input 


output 

output + losses 


Example. — In a shunt dynamo the stray-power loss is 415 watts and the 
copper loss is 220 watts. What is the efficiency of the dj^mamo when it 
is dehvering 65 amp. at 110 volts? 


Efficiency = 

input output H" losses 

Total loss = stray-power loss + copper loss 
= 415 + 220 = 635. 

Output = 65 X 110 = 7,150 watts. 

Input = 7,150 + 635 = 7,785 watts. 

Efficiency ■ 91-9 per cent. 


Example. The armature of a shunt-wound generator has a resistance 
of 0.5 ohm and the field coils a resistance of 50 ohms. What is the copper 
loss when the generator is dehvering 23 amp. at 100 volts? 
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Current in field coils = — = 2 amp. 

per second in field coils = 2^ X 50 = 200 joules per sec- 

ond. 

per second in armature = (25)2 X 0.5 = 312 joules per 

second. 

Copper loss = 200 + 312 = 512 joules per 

second. 

Problems 

I A generator which develops 120 volts at no load furnishes only 114 
volts when a current of 40 amp. is drawn. lJ\Tiat is the resistance of the 
armature? 

2. The armature of a dynamo has a resistance of 0.12 ohm. When run 
at its rated speed, it yields 115 volts on open circuit, and 112 volts on full 
load. What is the current in the d\mamo when it is running on full load? 
How much power is delivered to the external circuit? 

3. A shunt generator has field coils mih. a resistance of 180 ohms. At 
full load, the brush potential is 117 volts. What is the current in the field 
coils, and how much power is consumed in them? 

4. The armature of a shunt generator has a resistance of 0.09 ohm. 
TOien the current through the armature is 9 amp., the brush potential is 
119 volts. WTiat will be the brush potential when the current is 85 amp., 
assuming that the field strength and the speed remain unchanged? 

6. A shunt generator furnishes a potential of 122 volts at the terminals 
when an external current of 19 amp. is dram, in addition to 1.33 amp. 
flowing through the field coil. What is the electromotive force being gener- 
ated? The armature has a resistance of 0.16 ohm. 

6. A shunt generator delivers 120 amp. at a brush potential of 120 volts. 
If the stray-power loss is 1,400 watts, what is the eflflciency of the generator? 
The field coils have a resistance of 40 ohms, and the armature has a resistance 
of 0.15 ohm. 

7. The brush potential of a generator when delivering 10 amp. is 540 volts. 
When the generator delivers 45 amp., the difference of potential across the 
brushes falls to 535 volts. WTiat is the resistance of the armature of the 
generator? 


Jiiules generated 
joules generated 
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611. The Dynamo Reversed. — When a dynamo is driven by 
some source of power as by a steam engine, it can produce a flow 
of electricity. If this same dynamo is supplied with current 
from some outside source as from a storage battery, it is capable of 
doing work, and it may be now used to operate almost any kind of 
maehiner 5 ^ This machine being driven backward by a current is 
called a motor. It is essentially like a dynamo, consisting of an 
armature, a commutator, and field magnets. In order to under- 
stand its operation, it is necessary to consider the effect which is 

produced by placing a wire 
carrying a current of electricity 
in a magnetic field. 

612. Force on a Wire in a 
Magnetic Field. — When a wire 
carrying a current of electricity 
is placed in a magnetic field so 

Fig. 475.-Force on a conductor in a that the lines of force are .per- 
magnetic field. Magnetic field below pendicular to the mre Canning 
the conductor is less than above it. downward into the 

paper, as indicated in Fig. 475, the conductor experiences a force 
directed across the magnetic field. To understand this fact, recall 
that every current produces about itself a magnetic field of its 
own. This magnetic field is represented by concentric circles 
with the wire carrying the current as center. If a wire carrying a 
current is brought into a uniform magnetic field directed from 
left to right, the lines of force from the magnetic field of the wire 
will add to those in the uniform field above the wire and subtract 
from those below the wire. In consequence of this fact, the num- 
ber of lines of force per square centimeter above the wire will be 
greater than the number per square centimeter below it (Fig. 435). 
Experiment shows that a resulting force then acts on the wire in 
such a way as to cause it to move from the region where the 
magnetic field is stronger to where it is weaker. In this case the 

. 468 
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wire will move downward. If the current in the wire had been in 
the opposite direction, the magnetic lines of force would have been 
den.«er below the wire and the wire would have moved upward. 

Figure 476 shows the cross section of a single loop of wire 
which, carrj-ing a current of electricity, is introduced into a 
uniform magnetic field. It is assumed that the current goes in at 
.1 and out at B. The flux is weakened below A and strengthened 
below B. There results a force 
tending to push A downward 
and B upward. These two forces 
cause the loop to rotate. The 
stronger the current in the wire, 
the greater the force tending to 
rotate it. The greater the length 
the wire and the greater the 
magnetic field in which it is 
placed, the greater the force 
tending to rotate the loop. The 
force acting on one of the wires is (Appendix E-11) 



Current in 
Force dlown\ 

Fig. 476. — Torque on a coil in a 
magnetic field. The difference be- 
tween magnetic field above and below 
the conductor produck the torque. 


^ dynes. 


where F = the force in dynes. 

I = the current in amperes. 

B = the magnetic field in gausses. 

I = the length of wire in centimeters. 

The torque acting on the loop is Fd, w’here d is the perpendicular 
distance between the conductors. 


Example. — A wire 40 cm. long is lying in a magnetic field of 40,000 
gauss. If the current in the wire is 50 amp., what is the force acting on it? 


= XB XZ 
10 X 980 

_ 50 X 40,000 X 40 
10 X 980 
= 8.16 kg. 


8,163 g. 


613. Hand Rule for Motor. — For finding easily the direction 
in which a conductor carr3dng a current in a magnetic field will 
move, there is a hand rule which is very similar to that described 
for telling the direction in which a current is induced in a moving 
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conductor. In this case, the left hand is used instead of the right 
hand as in the other case. Using the left hand, place the thumb, 
the forefinger, and the middle finger so that they are at right 
angles to each other. Point the forefinger in the direction 
in which the magnetic field is pointing and the middle finger in 
the direction in which the positive current is flowing in the wire. 
Then the thumb will point in the direction in which the con- 
ductor will move under the action of the magnetic field. 

514. Types of Motors and Back Electromotive Force in a 
Motor. — Dynamos and motors for direct currents are often made 
in exactly the same way. There will, therefore, be three types of 
motors for direct currents just as there were three types of 
generators. These three types of motors are series, shunt, and 
compound. The type of motor chosen will depend on the uses 
for w’hich it is intended. 

In the study of the dynamo it tv^as seen that as the armature 
consisting of a large number of turn§ of wire revolves in a mag- 
netic field, there is generated in it an electromotive force. Now 
since in the motor the construction is precisely the same as in the 
dynamo, we again have an armature revohdng in a magnetic 
field. There should therefore be set up in this armature an elec- 
tromotive force. No matter what the machine, when a coil of 
wdre revolves in a magnetic field it will have an electromotive 
force produced in it. This means that every motor is at the same 
time a dynamo. There is only one difference. In the case of 
the dynamo, the armature is made to revolve by the action of 
some external force whereas in the case of the motor the current 
flowing into the armature from some outside source causes the 
armature to revolve. In other words, the cause for the rotation 
of the armature is different in the two cases. 

By applying the right-hand rule to the armature revolving in 
the magnetic field, it is found that the direction of the electro- 
motive force generated in the armature is such that it opposes 
the current flowing in the armature. For this reason this elec- 
tromotive force is called a back electromotive force or a counter 
electromotive force. 

When the armature revolves more rapidly, the back electromo- 
tive force is increased Hence, the opposition to the flow- of the 
current from the outside is increased and the current in the 
armature is decreased; that is, the faster the armature revolves, 
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the less current will flow through it, if the voltage applied to the 
motor is constant. 

If an incandescent lamp is connected in series with a small 
motor while the armature is held stationary, the lamp glows 
as if the motor were absent since its resistance is small. WTien, 
however, the armature is allowed to revolve, the lamp becomes 
dim. This is because the electromotive force generated in the 
armature opposes the impressed electromotive force and thereby 
reduces the current in the circuit. 

616. Starting Box. — Since the current in the 
armature depends on the difference between the 
impressed electromotive force and the back elec- 
tromotive force, this current will be largest when 
the armature is at rest, for in that case the back 
electromotive force is zero. In order to keep the 
current from being excessive at the start, it is 
customary to introduce in series with the motor 
a resistance which reduces the current flowing in 
the circuit. As the speed of the motor increases 
and the back electromotive force becomes 
appreciable, this resistance is reduced. Such a 
resistance is called a starting resistance or a 
starting box (Fig. 477). 

Example. — ^The armature of a shimt motor 
contains 0.3 ohm resistance. A difference of 
potential of 110 volts is applied to it. What is 
the current in the armature before the motor 
starts? 

110 volts 

= 366 amp. 



I = 


0.3 ohm 


If the back electromotive force is 108 volts 
when the motor has speeded up, the current becomes 


-Dynamo 

Fig. 477. — Starting box. 
The voltage applied to the 
motor is reduced during 
starting. 


I = 


110 - 108 
0.3 


2 volts ^ 

6.66 amp. 


516. Eflflciency 'of Motors. — The efl&cieiicy of a motor, like 
the efficiency of a generator, is obtained by dividing the output 
of the motor by the input: 


Effiiciency 


output 

input 


The input is obtained by multipl 3 dng current supplied to the 
motor by The voltage. To get the output of the motor, the 
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losses in the motor must be subtracted from the input. The 
efficiency becomes 


Efficiency = 


output 

input 


input — losse s 
input 


Example. — A motor running at full load takes 75 amp. at 110 volt- 
The stray-power loss is SOO watts, and the copper loss is 450 watts. What 
is the efficiency of the motor? 


Efficiency = 

mput 

Input = 75 X 110 = S,250 watts. 

Losses = Stray-power loss -f- copper loss. 

= 800 + 450 = 1,250 watts. 
Output = input — losses 

= 8,250 - 1,250 = 7,000. 


Efficiency 


7,000 

8,250 


84.8 per cent. 


517. Recording Wattmeter. — The Thomson form of recording wattmeter 
(Fig. 478) consists of a little shunt motor whose armature turns at a speed 



Fig. 478. — W att hour meter. The electromagnetic brake stops the motor when 
the current ceases to flow or keeps it moving at a speed proportional to power 
supplied to the load. 

which is proportional to the energy that is supplied to it. The armature 
is geared to dials which record the energy in kilowatt-hours. The stationary 
field coils L and M are connected in series with the generator supplying the 
current to the external circuit. The field strength of the motor is therefore 
proportional to the current suppHed to the lamps. The armature is con- 
nected across the line, as a voltmeter would be connected. The voltage 
across the armature is thus the voltage supplied to the lamps, and the current 
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the iirmature i? proportional to the voltage. The torque which turns 
t'ric motor is proportional to the product of the current in the armature 
and tlie magnetic field in which the armature turns. Hence, the torque 
sxhiAi turns the armature is proportional to the prodmd of current suppliefi 
to the lamps and the voltage at which it is supplied, i.c., to the watts in the 
line. 

In order that the motor may not run too fast and in order also that it 
may stop as soon as the current ceases to flow, an electromagnetic brake D 
attached to it. This brake consists of an aliiminiim or copper disk 
nutating between the poles of permanent magnets. The eddy currents 
induced in the disk by its rotation between the poles of the magnet retard 
its motion and cause it to stop as soon as the current ceases to flow. 

This type of wattmeter can be used with either direct or alternating 

currents. 


Problems 

1. A wire 25 cm. long lies at right angles to the lines of magnetic force. 

current of 18 amp. in the wire produces a force of 15 gm. on the wire. 

Find the strength of the magnetic field in which the wire is placed. 

2. The flux density between the poles of a certain motor is 15,000 oersteds. 
X conductor carrying 5 amp. lies in this magnetic field so that it is perpen- 
dicular to the field. Find the force on it per centimeter of length. 

3. Find the torque produced on a rectangular loop of wire of one turn 
when its plane is parallel to the magnetic lines of a field with a strength of 
6,000 oersteds, when a current of 8 amp. is sent through the loop. The 
dimensions of the loop are 18 cm. parallel to the lines, and 24 cm. right 
angles to them (see Fig. 476). 

4. The armature of a motor connected to a 220-volt line draws 50 amp. 
at the instant the connection is made when the motor is at rest, through a 
starting resistance of 3 ohms. What is the resistance of the armature? 
What is the counter electromotive force when the current drawn is 35 amp. 
iwith the starting resistance disconnected)? 

6. A shunt motor takes a total current of 40 amp. from 110-volt mains. 
The resistance of the armature is 1.6 ohms, and that of the field is 80 ohms. 
Find the current in the field coils and in the armature, and the power used 
in heating the armature and the field coils. 

6. A series-wound motor has an armature wdth a resistance of 0.40 ohm 
and field coils with a resistance of 5 ohms. The motor draws 8 amp. at 120 
volts. Find the number of watts supplied to the motor, and the number of 
watts transformed into heat. 

7. A motor running at full load on a 115-volt line develops a back electro- 
motive force of 107 volts and draws a current of 6 amp. through the arma- 
ture. What is the mechanical power output of the motor, disregarding 
frictional losses? 

8. A motor draws 25 amp. at 120 volts. If the back electromotive force 
in its armature is 108 volts, w’hat is the resistance of the armature? 

9. The current in the armature of a motor which supplies 2 hp. is 16 amp. 
The mechanical losses in the motor amount to 65 watts. Find the counter 
electromotive force which is developed in the armature. 



CHAPTER XLIII 

MUTUAL INDUCTANCE AND SELF-INDUCTANCE 

618. Mutual Inductance.— Consider two neighboring circuits 
(Fig. 479) , one with and the other without a battery in it. If the 
current in coil A be started, magnetic lines of force due to this 
current will link coil B. As these lines of force cut the coil B, 
an induced electromotive force and an induced current are set 
up in the coil B. The current in the coil B lasts only while the 
current in the coil A and the magnetic field around it are chang- 
ing. As soon as the current in the coil A ceases to increase or 

rAmmekr 



Fig. 479. — Mutual inductance between two circuits. The greater the flm 
linkages, the greater the inductance. 


decrease, there is no longer a current in the coil B. When the 
current in the coil A ceases to flow, the magnetic lines of force 
which Unk the coil B disappear, and during their disappearance 
there are a momentary electromotive force and current in the coil 
B. Coil A is called the primary circuit, and coil B the secondary 
circuit. While the current in the primary circuit is increasing, 
the induced current in the secondary produces a magnetic effect 
opposite in direction to that produced by the current in the pri- 
mary. When the current in the primary is decreasing, the 
induced current and electromotive force in the secondary reverse 
their direction. The electromagnetic effect of one circuit on 
another is called mutual mdacgS^ 

' ■ ' " 474 



MUTUAL JNDUCTAS'CE ASD SELF-IXDUCTAXCE . 475 

619. Coefficisnt of Mutual Induction. — When two circuits are 
so situated that a change of 1 amp. per second in one of the cir- 
cuits induces an electromotive force of 1 volt in the other circuit, 
the mutual inductance between the two circuits is said to be 
1 henry. 

If 3/ = the coefficient of mutual induction between the two 
circuits in henrys, 

7i = the first value of the current in the primarj’ circuit, 
h = the second value of the current in the primarj' circuit, 
t = the time during which the current in the primary 
circuit changes from Ii to Zo, 

Es = the electromotive force induced in the secondary by 
the current changing in the primary, 
then (Appendix D-13) 



Example. — The coefficient of mutual induction between two circuits is 
0.55 henrA". The current in the primary changes from 5 to 3 amp. in 0.10 
sec. \Miat is the electromotive force induced in the secondary? 

/E.m.f. induced \ /coefficient of \ /rate of change of \ 

\in the secondaxy- / V^^utual induction/ \ current in primary / ' 

= 0.55 X volts 
= 11 volts. 

520. Self-inductance. — Instead of two neighboring circuits, 
consider a single circuit (Fig. 480) consisting of a battery, a 
resistance, an ammeter, and a large coil of wire. When a cur- 
rent is flowing in this circuit, it has around it a field of force of 
its own. The field of force inside the coil of wire is linked 
once for each turn of wire on the coil. When the magnetic flux 
in the coil is changed, each of these turns of wire will have an 
electromotive force induced in it, just as an electromotive force 
was induced in the secondary circuit of Fig. 479 by a change of 
current in the primary. Since all of these coils are connected in 
series and since the flux passes through them in the same direc- 
tion, the electromotive forces induced in each of these turns of 
wire will be added together and give the net electromotive force 
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induced in the entire coil. The electromagnetic action in this 
case is fundamentally like the electromagnetic action in the case 
of mutual inductance. There is only one important difference 
In the case of mutual inductance, the change of a current in one 
Ammef^r circuit, called the primary, sets up an 

^7) induced electromotive force in a 

Key] A 1 neighboring circuit, called the second- 

< ary. In the ease now under con- 
S ^ sideration there is only a single circuit 
^<1 and the change of current in this 
<1 circuit sets up an induced electromo- 
p tive force in this same circuit. Since 

^QQQ0Q0_; I the change of current and the induced 

In^jcfa^ electromotive force take place in the 

Fig. 480.— Circuit containing same circuit, this kind of iaductancp 
both resistance and inductance. x , 

IS called self-mduct^ce to distinguish 
it from mutual inductance. 


The influence of -the self-inductance on the current in the 
circuit can be understood from the following experiments. 'nTien 
the key K of the circuit in Fig. 480 is closed, the ammeter in 



inductance. 


series with the coil does not register its full value at once. It 
requires considerable time for the current to reach its final.steady 
value. When the current in the ammeter is plotted against the 
time since the switch was closed, a curve like the upper curve 
shown in Fig. 481 is obtained. From this curve itjs seen that, 
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Fig. 4S2. — Rise of current in an induc- 
tive and in a non-inductive circuit. 


for a certain circuit, it required about 30 see. for the current to 
rise practically to its full value. After the current reaches its 
full value, it remains constant. If, instead of connecting tlw 
battery to the terminals of the inductance, it had been connected 
to the terminals of a straight wire having the same resistance as 
the wire in the inductance, the 
current in the ammeter would 
have risen instantly to its final 
value. Figure 482 shows how 
the currents would behave in 
these two cases. 

If, on the other hand, the 
battery is disconnected from 
the terminals of the large induc- 
tance and at the same instant a 
short wire is substituted for it 
(Fig. 483) so that the electric 
circuit remains closed, the current which was flowing in the circuit 
tends to keep on flowing, and the reading of the ammeter does 
not at once become zero. If readings of the current in the 
ammeter are taken at regular intervals after the battery is 
short-circuited and the readings are plotted, a curv^e similar to the 

lower curve, shown in Fig. 481, 
^ill be obtained. This curve 
shows that considerable time 
elapses after the removal of the 
battery before the current in 
the circuit becomes zero. If, 
as before, a straight mre of re- 
sistance equal to that in the 
inductance has been used, the 
current would have dropped 
immediately to zero. 

That property of the circuit 
which opposes the building up or the dying down of the current in 
it is called the self -inductance of the circuit. The momentary 
electromotive force which is set up in the circuit when the current 
is either increasing or decreasing is the induced electromotive force 
due to the self-inductance of the circuit. This induced electromo- 
tive force prevents the current from rising immediately to its final 


Ammefer 




4 


Hs 

% 


I — 

Jncfucfonce 

Fig. 4S3. — Short-circuiting a battery in 
an inductive circuit. 
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value and also prevents it from becoming zero immediately after 
the electromotive force is removed from the circuit. When the 
circuit is in the form of a straight wire, it has no self-hiductanee 
and there is no appreciable induced electromotive force. When a 
circuit contains a large self-inductance, the induced electromo- 
tive force is great and the current builds up slowly and also dies 
down slowly- The effective electromotive force in the circuit 
is equal to the difference between the impressed electromotive 
force and this induced electromotive force. The current at anv 
instant is given by the equation 

E ~ e 
-R- 

where E = the impressed voltage. 

i = the instantaneous value of the current. 

5 = the instantaneous value of the induced electromotive 
force. 

R = the resistance of the circuit. 

When the circuit is first closed, the induced electromotive 
force is large. After the circuit has been closed for some time, 
the induced electromotive force is nearly zero and the effective 
electromotive force is nearly equal to the impressed electromotive 
force. The current is then approaching its largest value. 

521. Coefficient of Self-induction. — The unit of inductance is 
the henry. A circuit is said to have a self -inductance of 1 henry 
when an induced electromotive force of 1 volt is produced in the 
^circuit by changing the current at the rate of 1 amp. per second. 

HE — the average induced electromotive force in volts, 

1 1 = the first v^alue of the current in amperes, 

1 2 = the seebnd value of the current in amperes, 

t = the time in seconds during which the current changes 
from Ii to 

L — the coefficient of self-induction in henrys, 

then 

~ change of the current, 

and 

E = L^-- h ^ (Appendix D-14.) 



MUTUAL INDUCTANCE AND SELF-INDUCTANCE 479 

Example.— A circuit has an inductance of 2.25 henry’s. Wiat voltage 
will be induced in it when the current changes from 12 to 2 amp. in 0.25 see. ? 

Induced electromotive force = coefficient of self-induction X rate of 
change of current. 

A variable standard of inductance (Fig. 4S4) is oldained by 
rotating one coil with respect to another. 

522. Energy Stored Up about a Current.— When a circuit 
carrv’-ing an electric current is broken, the energj- tvhich is stored 



Fig. 484. — Variable stand- 
ard of inductance. The rota- 
tion of the coils with respect 
to each other varies the 
inductance. {Courtesy Leeds 
and Northrup Company.) 



Battery 

Fig. 4S5. — Energy stored up 
in a magnetic field. This en- 
ergy lights the lamp when the 
current in the battery is inter- 
rupted. 


up in the magnetic field associated vdth the current is given up 
as heat in the conductors in the neighborhood. Induced cur- 
rents, set up in these conductors while the magnetic field is 
changing, heat in the ordinary way the conductors through 
which they flow. The amount of this energy is independent 
of the rate at vrhich the current is built up. It depends only 
on the final value of the current and the coefficient of self- 
induction of the circuit. When the key K (Fig. 485) is released, 
the lamp glows more brilliantly than before this key was released. 
This additional energy supplied to the lamp comes from the 
energy stored up in the magnetic field of the magnet. 
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To find an expression for this energy W, suppose for simplicitv 
that the current falls from its initial value I to its final value 
zero at a constant rate. If t is the time required for the current to 
decrease from I to zero, its rate of decrease is I /t. The induced 
electromotive force which arises because of this change of current 
is (LI) ft. Since the average current in the circuit during the time 
t is HI, the quantity of electricity which flowed around the circuit 
while the current was decreasing to zero is Hit The work done 
in this process is the electromotive force times the quantity of 
electricity; that is, 

X = \lP joules. (Appendix E-14.) 

This is the energy which is released by the circuit when the 
current in it is annulledj and it is equivalent to the Joulean heat 
produced in the neighboring conductors. 

Example. — In a circuit which has a coefficient of self-induction of 10 
henrys, there is flowing a current of 0.1 amp. How much energy is stored 
up about the circuit? 

E \lI^ 

^ X 10 X (0.1)2 Q Q5 joule. 

Problems 

1 . Two circuits have a coefficient of mutual induction of 1.75 henrys. 
What electromotive force is introduced in the secondary^ by a change from 
0 to 35 amp. in 0.008 sec. in the primary? 

2. How much energy is stored in a circuit of 16 henrys self-inductance 
when a current of 0.12 amp, has been built up? 

3 . A coil has an inductance of 4 henrys and carries a current of 8 amp. 
What time must be allowed for the current to die out in order that the 
average induced electromotive force may be 450 volts? 

4 . The coefficient of self-inductance of a coil is 6 henrys and the current 
in it is 10 amp. If the current is reduced to zero in 0.003 sec., what is the 
average voltage set up in the coil? 

5. The current in a circuit changes from 20 amp. to zero in 0.006 sec. If 
the average induced electromotive force is 4,800 volts, what is the coefficient 
of induction of the circuit? 
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CAPACITANCE OF CONDENSERS 


623. The Condenser. — I\Tien two parallel plates A and B 
are connected to the terminals of a batterj', as indicated in 
Fig. 486, electrons flow through the battery away from the plate 
A to the plate B. The plate B thus becomes charged with nega- 
tive electricity and the plate A \\’ith positive electricity. Thi-; 
flow of electricity will cease as soon as the difference of potential 
between the plate A and the plate B is just equal to the difference 


"DkfecMc 
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Hllllllh 
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Fig. 486. — A dielectric be- 
tween plates of a condenser. 



den jar, a simple 
form of condenser. 


of potential across the terminals of the batter}^ The charges on 
the plates are opposite in sign but equal in magnitude. If the 
plates are brought near to each other, the difference of potential 
between them will be decreased, and more electrons will flow 
to the plate B until the difference of potential between the two 
plates is again just equal to the difference of potential across the 
terminals of the battery. The greater the distance between the 
two plates, the less is the quantity of electricity which is necessary" 
to produce a given difference of potential between them. By 
ha\dng the distance between the plates small, it is possible to 
get relatively large charges on the plates without creating a 
very large difference of potential between them. Such a pair 
of plates or their equivalent is called a condenser. A Leyden jar 
(Fig. 4S7), which consists of a glass jar with one coating of tinfoil 
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on the inside and another on the outside, is a very simple form 
of such a condenser. 

A condenser may consist of a number of metallic plates which 
are separated from each other by some insulator like glass or mica 
In Fig. 488, is represented a condenser consisting of two groups; 
of plates. The plates of each group are connected together, but 


Fig. 4SS- — Condenser. The metallic plates are oppositely charged. 



Fig. 489. — Variable capacity. The rotation of the plates with respect to 
each other varies the capacity. (Courtesy General Radio Company.) 

each group is carefully insulated from the other group. Figure 
489 shows a precision type of variable condenser. 

524. Relation between Charge and Voltage. — The difference 
of potential or voltage between the plates of a condenser is 
directly proportional to the charge or quantity of electricity 
on one plate or group of plates in the condenser. This relation 
is expressed by the equation, 

Q = C7 

where Q = the quantity of electricity on the condenser in 
coulombs. 

V = the difference of potential between the terminals of 
the condenser in volts. 

C — the capacity of the condenser in farads — a constant 
determined by dimensions and materials of the 
condenser. 
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This constant C depends on the size and shape of the condenser 
and on the character of the insulating material which separates 
the plates from each other. In a simple condenser consisting 
of two parallel plates, mo\ing the plates closer together decreases 
the difference of potential between them for a given charge and 
thus increases the constant C. Increasing the area of the plates 
also increases the constant C. 

626. Capacitance or Capacity. — ^The factor of proportionality 
by which the difference of potential across the terminals of a 
condenser must be multiplied in order to get the quantity of 
electricity on the condenser is called the capacity of the condenser. 
Capacitance or capacity may also be defined as the ratio of the 
charge on the condenser to the difference of potential or voltage 
across its terminals ; that is, 


Capacitance = ^ntity of electricdy 
dmerenee of potential 

Q 

V 


c = 


626. Unit Capacitance. — Since the capacitance of a condenser 
is unlike any other physical constant it is necessary to agree upon 
a unit in which it can be measured. When 1 coulomb of elec- 
tricity produces a difference of potential of 1 volt between the 
terminals of a condenser, the condenser is said to have a capaci- 
tance or a capacity of 1 farad ; that is, a condenser has a capacity 
of 1 farad when 1 coulomb of electricity will raise the difference 
of potential between its plates by 1 volt. This unit is too large 
for practical purposes and a smaller unit is chosen, the microfarad, 
which is the millionth part of 1 farad. 

An electrostatic unit of capacitance called a sta*farad is also 
used. It is much smaller than the microfarad. 

One microfarad = 900,000 statfarads. 

Example. — A condenser has on it a charge of 2 coulombs, ^^hen the differ- 
ence of potential between its terminals is 4 volts. What is its capacitance 
in farads? 

_ . . . , charge in coulombs 

Capacitance in farads = difference of potential in volts .' 



2 coulombs 


= 0.5 farad. 


4 volts 
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527. Dielectric Constant. — If a plate condenser of given area 
with the plates a fixed distance apart is filled with air and its 
(*apacitanee determined and if it is then filled with some other 
medium like paraffin, it is found that the capacitance is about 
twdce as great in the latter case as in the former. If other media 
are substituted for the paraffin (Fig. 486), still other values 
wdll be found for the capacitance. The ratio of the capacitance 
of a condenser filled with some medium to the capacitance of 
the same condenser filled with air is called the dielectric constant 
or specific inductive capacitance of the medium in comparison 
with air. 


Example. — In a certain condenser consisting of parallel plates the meas- 
ured capacitance was 1.3 mf. when the dielectric between the plates was 
air, and it was found to be 2.65 mf. when the dielectric was kerosene 
What is the dielectric constant of kerosene? 


Dielectric constant 


capacitance with kerosene 
capacitance with air 
2.65 mf. 


1.3 mf. 


2.04. 


628. Capacity of an Isolated Sphere. — If a single sphere of 
radius R is removed sufficiently far from other bodies so that their 
influence may be neglected, and it is charged with Q units of 
electricity, the potential of the sphere is, 


Potential = V = 


charge ^ 
radius ’ 


but, also. 


hence, in this case, 


charge Q 
capacity C’ 

C = R, 


and the capacity of a sphere is numerically equal to its radius. 
In this case, the radius must be measured in centimeters; the 
capacity, the^ charge, and the difference of potential in electro- 
static units or statfarads. 


Example. — The radius of a sphere is 10 cm. What charge in electrostatic 
■ units is necessary to give it a potential of 3 e.s.u.? 


3 




Q 


charge __ Q 
radius ~ R 

. Q 

Id cm. 

= 30 e.s.u. or statfarads. 
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629. Capacity of a Spherical Condenser.~Let the eondeiLst^r 
roiisist of two concentric spheres one of which is eonnecteci u> 
the earth (Fig. 490). 

let a = the radius of the inner sphere. 
b = the radius of the outer sphere. 

Q = the charge on the inner sphere. 

-Q = the charge on the outer sphere. 

Y = the difference of potential between the outer and inner 
spheres. 

F = ^ _ Q 

n h 


The capacity of the two concentric spheres is 

. _ charge 

( apaci ^ difference of potential 

n Q 1 <36 X 1 

C = TY — - , e.s.u. or stattarads. 

Q _ Q b — a 

a h 


If the radii of the spheres are made more and more nearly" 
equal to each other, the capacity of this spheidcal condenser 
increases as 6 — a decreases. If the distance 
between the two spheres is kept constant, the 
capacity of the condenser increases as the 
radii of the spheres are increased. 

Example. — Find the capacity of a condenser con- 
sisting of two concentric spheres, one of radius 20 
cm., and the other of radius 21 cm. 



Capacity 


ah 

a — h 

20 X 21 

21 - 20 


420 statfarads. 


Fig. 490. — Capac- 
ity of eonceiitri<* 
spheres. The spheres 
are oppositely 
charged. 


530. Capacity of Two Parallel Plates. — If the radii of the two 
concentric spheres considered in the last section are allowed to 
increase until they are very large, lyhile the difference, b — a, 
remains constant, the surfaces of the spheres become approxi- 
mately a plane surface. The product a X 5 becomes nearly 
equal to a^, since a and b are nearly equal to each other when 
both a and b are very large. 



486 


THE ELEMENTS OF PHYSICS 


Let S = the area of the sphere of which a is the radius. 
d = h — a = the distance between the spheres. 

S — 4:7ra^, 


S 

4:Trd 


= -j approx. 

area 

47rd 


If this relation is true for the entire spherical condenser, it is 
also true for a small portion of it, provided only the area of that 
portion instead of the entire area of the sphere is used. If, then, 
the spheres are very large, and only a small portion of area equal 
to A is cut out of the spherical surfaces, the condenser, obtained 
in this artificial way, consists of two parallel plates at a distance 
d apart, each plate having an area A. The capacity of such a 
condenser is then, 

A 

G = -T-j ^-s.u. or statfarads. 

47ra 


where A = the area of each of the plates. 

d — the distance between the plates. 

If the space between the plates is filled with a substance whose 
dielectric constant is kj the capacity of the condenser is 


C = 


Ak 

Aird 


e.s.u. or statfarads. 


Example. — Find the capacity of a condenser consisting of two parallel 
plates which are 1 cm. apart. Each of the plates has an area of 100 sq. cm. 
The space between the plates is filled with a medium whose dielectric con- 
stant is 3 

p . , area X dielectric constant 

^ 4-^ X distance between plates 

Ak 
Aird 

100 scp cm. X 3 23 9 e.s.u. or statfarads. 

4t X 1 cm. 

631. Second Definition* of Capacitance. — The capacitance of a 
condenser may also be defined as the ratio of the current flowing 
into the condenser to the rate of change of voltage across it. 
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A condenser is then said to hare a capacitance of 1 farad when a 
change of 1 volt per second across it produces a current of 1 amp. 

This relation between the change of voltage and the current 
in the condenser is given by the equation 

_ — Ex 

t 

where = the average current in amperes. 

C = the capacitance in farads. 

El = the initial value of the electromotive force in volts. 

Ei = the final value- of the electromotive force in volts. 
t = the time during which the voltage changed from 
El to E^. 

jn 

^ ^ ^ the average rate of change of voltage. 

Example. — In a certain condenser when the voltage changed from 5 to 
65 volts in 2 sec., a current of 0.0003 amp. flowed in the condenser circuit. 
What was the capacitance of the condenser? 

r _ — El 

T~‘ - *' 

0.0003 = C ^^ ~ ? = C X 30. 

C = 5:^5 = 0.00001 farad. 

632. Hydraulic Analogy. — The charging of a condenser is analogous to 
the action of the water in a closed circuit (Fig. 491) across which there is 
stretched a rubber diaphragm. If the 
centrifugal pump is set in operation, the 
pressure of the water will stretch the dia- 
phragm A until the force exerted by the 
diaphragm is sufficient to stop the floTv 
of the water. The diaphragm will remain 
stretched as long as the pump is in opera- 
tion. If the pump is stopped, there will 
be a backward flow of water until the 
diaphragm comes back to its normal 
position. 

In like manner, when an electric con- 
denser is connected in series with a 
battery or generator, there will be a momentary flow of current in the 
circuit. This flow will last for only a short time after the switch is closed. 
If the voltage after this time remains constant, there will be no further flow. 
When the battery is removed or the generator is stopped, electricity flows 
back through the circuit for a short time. 



Fig. 491. — Hydraulic analogue of 
a condenser. 
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If instead of stopping the generator or short-circuiting the batten’, the 
switch is first opened, the electricity cannot flow back when the generator i> 
stopped. This is equivalent to closing the valve B in Fig. 491 and thus 
preventing the backward flow of the water when the pump is stopped 
The diaphragm is left stretched just as the condenser is left charged. 

The quantity of charge on the condenser is obtained as follows: TIi^ 
voltage rises from 0 to F volts in t sec. If this change of voltage is unifonii, 
the rate of change of voltage is E/t and the current through the condenser is 


The quantity of electricity on the condenser i 

Q = it = X t = C X E, 

Q = CE 

where Q ~ the quantity of electricity in coulombs, 

C = the capacitance in farads. 

E — the electromotive force in volts. 

This equation is consistent with the definition of capacitance given in 8ei*. 
525. 

Example. — A condenser has a capacitance of 25 mf., and the differenct* 

of potential between its terminals is 
250 volts. Find the number of cou- 
lombs on the condenser. 

Quantity = capacitance X difference 
of potential. 

Q ^ C XE 

= 0.000025 X 250 
= 0.00625 coulomb. 

533. Condensers in Parallel 

If a number of condensers 
having capacitances Ci, C 2 , Ch 
etc. (Fig. 492) are placed in 
parallel, the whole system mil 
have a capacitance C which is 
equal to the sum of the separate capacitances. This result can 
be proved as follows: 

The condensers are all charged to the same difference of 
potential. Let E denote this difference of potential and let 
Qiy Q 2 , and Qs be the charges on the condensers Ci, C 2 , and (J3. 
respectively. Let Q be the total charge on all of the condensers. 



Fig. 492. — Condensers in parallel. 
The effective capacity is equal to the 
sum of the separate capacities. 
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4h!i 


Then 

Q = Ql T ^2 + Qs. etc. 

Qi — ECu Q‘> = EC«. Q:, = i’C's, etc., 

and 

Q = EC. 

SuK^titiiting these values. 

EC = EC I + fCo + EC^. 

Dividing by E. 

C = Cl + C2 + C,. 

Hence, to find the equivalent capacitance of a number of con- 
densens connected in parallel, it i."; only necessary to add together 
the separate capacitances. 

Example. — Three condensers having capacitances of 3.5, 0.25, and 4..') nif. 
are connected in parallel. What is their effective capacitance? 

c = Cl + Cs + C.1 

= 3.5 + 0.25 + 4.5 = 8.25 mf. 


634. Condensers in Series. — If conden.sers are placed in serit's 
iFig. 493), the same quantity of electricity is stored up on each 
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Fig. 493. — Condensers in series. The reciprocal of the effective capacity is equal 
to the sum of the reciprocals of the separate capacities. 

condenser. In general, however, the difference of potential 
between the terminals of the different condensers will not be 
the same. The difference of potential over the combination 
\^ill be equal to the sum of the differences of potential o\'er the 
separate condensers. 

Let Q be the charge on each condenser; C, the equivalent 
capacitance of the condensers when joined in series; and Ei, 
E 2 , and Eb, the differences of potential between the terminals 
of Cl, C 2 , and C 3 , respectively. Since the total difference of 
potential is equal to the sum of the separate differences of 
potential, 

E = El -f" E 2 4” Ez» 



490 


THE ELEMENTS OF PHYSICS 


Since the charge on each condenser is the same, 


and also 
Then 


Q = EiCi = = EsCii 


Q = EC. 



^ F 
Cx’ 



R 

Cz 


Substituting these values^ 


Dhdding by Q, 


Q _ I _Q I _Q 
C Cl C2 ^ Cz 



This equation gives the equivalent capacitance of the con- 
densers in series in terms of the capacitances of the separate 
condensers. 


Example. — A capacitance of 4 mf. is connected in series with one of 0 
mf. What is the equivalent capacitance of the combination? 

C Cl C2 

i =i4-i =-i 

C 4^ 0 20‘ 

C = ~ = 2.22 mf. 


635. Energy Stored in a Condenser. — In charging a condenser, 
it is necessary to do work to carry the electricity from one ter- 
minal of the condenser to the other. At the beginning, the two 
coatings of the condenser are at the same potential. As the 
charging goes on, the difference of potential between the two 
coatings increases, and more work is required to transfer a given 
charge from one terminal to the other. Suppose that the final 
difference of potential between the terminals of the condenser 
is V volts and that in charging it Q units of electricity were trans- 
ferred from one terminal to the other, giving a charge of Q on one 
coating and of —Q on the other. At the beginning of the proc- 
ess of charging, the difference of potential was zero; and at the 
end of the charging, the difference of potential was 7. The 
average difference of potential during the charging of the con- 
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denser was . The work done is the average difference of 
potential times the quantity of electricity transferred from one 
terminal to the other, i.e., }iV X Q. This energj’- is again 
released when the condenser is discharged. If the condenser is 
allowed to discharge through a wire, the energy is used in heating 
the wire. 

The charging of a condenser is analogous to the filling of a 
vertical pipe of uniform cross section ^dth water. At the begin- 
ning the pressure in the pipe is zero and at the end the pressure is 
equal to the w-eight of a column of water of height H. The 


Niffh fiesisfance 



Fig. 494. — Charging a con- Fig. 495. — Charging a con- 
denser through a circuit with- denser through a high resist- 

out a resistance. ance. 


average pressure is equal to the weight of a column of water of 
height The work to fill the pipe is equal to the weight of 

the water in the pipe times one-half the height of the pipe. 
(Appendix E-9.) 

Example. — A condenser having a capacitance of 1 mf. is charged with 0.01 
coulomb of electricity. How much energ^^ is stored in it? 

Energy ^QV ^ 

1 ,, 0.01 X 0.01 
‘ 2 ^ 0.000001 
= 50 joules. 

636. Charging and Discharging a Condenser through a 
Resistance. — If the terminals of the battery instead of being con- 
nected directly to the terminals of the condenser; as in Fig. 494, 
are connected to them through a large non-inductive resistance 
as in Fig. 495, it takes some time for the charge on the condenser 
to build up to its final value. The way in which the charge on 
the condenser varies with the time is represented in Fig. 496, 
where the time has been plotted on the horizontal axis and the 
charge on the condenser on the vertical axis. The final charge 
on the condenser is the same as if the condenser had been charged 
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without the resistance R in the circuit. The larger the resist- 
ance R, the longer is the time required for the condenser to 
receive its full charge. 

If, after the condenser has been fully charged, the key K is 
opened and the key S (Fig. 497) is closed, the condenser begins 



0.001 0.005 0.010 0.014 

Time In seconds 

Fig. 496. — Rate of charge and discharge of a condenser through a high resistance. 


to discharge. (Appendix E-14.) It requires some time, how- 
ever, for the condenser to discharge completely. The w’ay in 
which the charge on the condenser decreases with the time f 
shown in Fig. 496 where the time after the short-circuiting of the 
battery has been plotted on the horizontal axis, and the quantity 
of electricity at that time on the condenser has been plotted on the 


OaJvanome'hr 



Key 


Bot'f-fery 


Fig. 497. — Discharging a condenser through a high resistance. 


vertical axis. The greater the resistance in the circuit, the 
greater is the time for the condenser to discharge to a definite 
fraction of its original charge. (Appendix E-13.) 

537. Oscillatory Discharge. — If the circuit contains both 
inductance and capacitance without any resistance, the con- 
denser does not discharge continuously in one direction, but the 
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fharge oscillates back and forth so that the plates become alter- 
nately charged positively and 
inductance and capacitance, 
the circuit also contains ohmic 
resistance, the charge continues 
to be oscillatory for certain 
values of the inductance, capac- 
itance, and resistance. In this 
case, however, some of the 
energy stored in the condenser 
is dissipated in the resistance, 
so that the quantity of electric- 
ity which surges from one side 
of the condenser to the other 
becomes less and less. Figure 498 is a record taken with an 
oscillograph to show the way such a discharge behaves. 

Problems 

1. Find the charge on a 2-mf. condenser when a potential of ooO volts is 
applied to it. 

2. A charge of 0.006 coulomb is stored in a condenser at a potential of 
900 volts. What is the capacitance of the condenser? 

3 . What is the difference of potential between the terminals of a con- 
denser which has a capacitance of 24 mf. when the charge on the condenser 
is 0.05 coulomb? 

4 . 'What is the capacitance of three condensers of 5, 4, and 0.75 mf., 
respectively, when they are all joined in series? 

6. Condensers of 2, 2, and 1 mf., respectively, are arranged so that they 
may be connected in series or in parallel. Wliat capacitance is obtained in 
each case? 

6. A condenser whose insulation can withstand an applied potential of 
6,500 volts has a capacitance of 8 mf. "What is the ma.ximum energy the 
condenser can have? 

7. What capacitance must a condenser have in order to hold energy 
equivalent to 30 g. lifted 40 cm. when charged to a potential of 8,000 volts? 

8 . A condenser consists of two parallel plates which are separated by a 
sheet of mica which is 0.2 cm. thick. The area of each plate is 400 sq. cm. 
The condenser is charged to 5,000 volts. Find the energy stored up in each 
cubic centimeter of the mica between the plates of the condenser. Dielectric 
constant of mica is 6.0. 

9 . A condenser is made up of 200 sheets of tin foil each 25 by 20 cm. 
These sheets of tin foil are separated by sheets of paraffined paper which are 
0.15 cm. thick and have a dielectric constant of 3.8. W^hat is the capacity 
of the condenser when alternate sheets of tin foil are joined together? 

10 . How much energy is stored up in a condenser having a capacity of 
2,000 mf. when it is charged to a difference of potential of 7,500 volts? 


negatively. If, in addition to 



Fig. 498. — Oscillatory discharge of a 
condenser through resistance and induc- 
tance. 
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ALTERNATING CURRENTS 

638. Alternating Currents. — It was seen in Sec. 499 that when 
a rectangular loop revolves in a magnetic field, the current flows 
in opposite directions at regular intervals. Such a current is 
called an aliermting current. When the current rises from zero 
to a maximum, returns to zero, then rises to a maximum in the 
opposite direction, and returns to zero again, it has completed 
a cycle. This cycle is repeated over and over again, and the 



Fig. 499. — Hydraulic analogue of a direct current. The flow is always in one 

direction. 

number of times the cycle is repeated each second is known 
as the frequency. The frequency ordinarily used in electrical 
power production is 60 cycles per second. 

639 . Water Analogy. — The flow of an electric current in a circuit may be 
likened to the flow of water in a closed system. Figure 499 shows a system 
of pipes containing a pump. The valves are so arranged that the water can 
flow in only one direction, whatever the direction in which the piston moves. 
Such an arrangement is the analogue of a direct-current system in which 
the pipes take the place of the wires and the pump the place of the generator. 
The valves allow the water to flow only in one direction, and the commutator 
allows the electricity to flow only in one direction. 

In Fig. 500 there are no valves, and. the direction of the current in the 
pipes depends immediately on the direction of the motion of the piston. 
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Such a pump represents a generator preluded with collecting rings instead 
of a commutator (Fig. 460.). In such a system the flow of water is first in 
one direction and then in the other. In like manner, the flow of electricity 
in the external circuit (Fig. 460) is alternating. 



Fig. 500. — Hydraulic analogue of an alternating current. The flow reverses its 
direction when the piston reverses its direction of motion. 


640. Instantaneous Electromotive Force. — In case the arma- 
ture consists of a single coil of wire revohing in a horizontal 
magnetic field, the instantaneous voltage induced in it can be 
represented by a sine curve (Fig. 501), in which the angle through 



Fig. 501. — ^Variation of electromotive force with time in an alternating-current 

circuit. 

which the coil has turned from its vertical position is plotted 
on the horizontal axis and the corresponding induced voltage 
on the vertical axis. The equation which connects the instan- 
taneous voltage with the angle through which the coil has turned 
is 

e = sin <p, 
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in which = the maximum voltage in the coil. 

0 = the angle through which the coil has turiie<i 
from its vertical position. 

Example. — The maximum value of an alternating electromotive force 
is 250 volts. What is the instantaneous electromotive force when the plane 
of the coil (Fig. 420) makes an angle of 45 deg. with the vertical position? 

€ ~ Fornax. Sin (p. 

e = 250 sin 45 deg. 

= 250 X 0.707 = 177 volts. 


641. Average Value of Alternating Electromotive Force.— 

Since one-half the instantaneous values of the alternating 
electromotive forces are negative, and the other half are positive, 
and since the negative values are just equal to the positive values, 
the average value of the electromotive force over a complete 
cycle is zero. The average value can, however, be found by 
plotting a number of instantaneous values over one-half of the 
cycle (Fig. 501) and then finding their average value. This 
average value can be found from the maximum value by means 
of the calculus (Appendix D-17). 

Average value of e.m.f. = 0.637 times maximum value of e.m.f. 
-^ave. — 0.637£^inax.* 


This equation makes it possible to calculate the maximum value 
of the electromotive force from the average value or to calculate 
the average value from the maximum value. 

Example. — In an alternating-current generator one set of coils consists 
of 200 turns. This coil cuts 10,000,000 lines of force eight times each second. 
What is the maximum voltage induced in the coil? 


Average voltage = 


lines cut per second 

loT- 

10,000,000 X 8 X 200 ^ 
10 ^ 


Eare. — 0.637j^iiiax. 

Ema,x. = 0^^ = 251 volts. 


542. Effective Value of Alternating Current. — The heating 
effect of any electric current depends on the square of the current. 
Hence, an alternating current is said to be equivalent to a certain 
direct current when it produces the same heating effect as thL^ 
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direct current. This effective value of au alternating current 
is found by taking the average of the squares of ail the instan- 
taneous values of the current and then extracting the square root 
of this average value. The effective value of the alternating 
current obtained in this way is known as tJu^ square root of th'- 
mean square of the current It is this effective value which is 
important in most alternating-current problems. 

The effective value of the current is ( Appendix D-lSl. 

7eff. == 0.707 1 

-f niax. 

where Jeff. = the effective value of the current. 

I max. = the maximum value of the current. 

In like manner for the voltage, 

Eeff. - 0.707Er^. 

Etnax. 

~ V 2 ' 


where E^u, = the effective value of the voltage. 
Etusix. = the maximum value of the voltage. 


Example. — The effective value of an alternating current 
What is its maximum value? 


7eft. 


oO = 


* majc. 
V'2 
I max. 

V'2‘ 


50 amp. 


Example. — What is the effective value of an alternating electromotive 
force for which the maximum value is 400 volts? 


V2' 

^ - 400 X 0.707 = 282.8 volts. 

V2 

643, Relation of Current to Voltage in Circuits. — When an 
alternating electromotive force is applied to a circuit (Fig. 502) 
which contains an ohmic resistance R without any inductance, 
the curve representing the variation of the current with the time 


Feff. 

Eeii. 
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has the same form as the corresponding curve for the impre^ed 
voltage. The current and the voltage each reach their maximum 
value at the same instant (Fig. 503), and their zero values at 
Resistance the same instant. In such a case 

the current is said to be in phase 
with the electromotive force. 
c^Esinast f Generator The Current and the electro- 

motive force are then given by 
the following equations: 


-AWWWVW 

R 


Fig. 502. — Circuit containing an 
alternating electromotive force and a 
non-inductive resistance. 


i — sm ^ sin ujf. 

e == sin (p = sin (d. 


Ohm^s law in its simplest form applies in this case so that 


z 


I max. 


R 

E^ 

R 


If the circuit contains an inductance L (Fig. 504) in addition to 
the resistance R, the current in the circuit will lag behind the 



impressed electromotive force and reach its maximum value 
later than the time at which the impressed voltage reaches ite 
maximum value. The relation between the current and the 
impressed voltage will be as shown in Fig. 505, in which the curve 
representing the current is seen to be displaced with respect 
to the curve representing the voltage. This displacement arises 
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out of the fact that the current lags behind the voltage. In this 
case the current is given by the equations, 

i = /max. sin (<p — d) = 7^. sin (pt — 6) 

and 

e = Emax. sin <p = Er^,^ sin ost 



Fig. 504. — Circuit with inductance, resistance, and an alternating e.m.f. 



Fig. 505. — ^Lag of current behind electromotive force in an inductive circuit. ' A 
is current; B is electromotive force. 


Id 



Fig. 506. — Circuit with capacitance and resistance. 

If the circuit contains a capacitance C (Fig. 506) instead of an 
inductance, the current in the circuit is ahead of the impressed 
electromotive force and the relation between the current and the 
impressed voltage is as represented in Fig. 507. The current 
reaches its maximum value before the voltage has become a 
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inaximiim. In such a case the current is said to be ahead of tk 
voltage or to lead the voltage. The greater the capacitance, thi* 
greater is the angle by which the current leads the inipres,s(*t| 
voltage. The equations expressing the current and the voltage 
at different instants are 


and 


i = /max. ‘Sin ((p + e) 

e = /^max. sin (p 


where 6 is the angle by which the current leads the voltage. 



Fig. 507. — Lead of current ahead of electromotive force in a circuit \vith capac- 
itance and resistance. 


Example. — In an alternating-current circuit the current is 30 deg. ahea<i 
of the voltage. The effective current is 50 amp. What is the instantaneous 
current when the voltage is zero? 

left. oO .. 

“■ o?m o?m ~ 

i == /max. sin {<p + e) 

— 70.5 sin (0 -f- 30) = 70.5 sin 30 = 35.2 amp. 

644. Resonance in Series Circuits. — If a circuit contains both 
capacitance and inductance in series, in addition to ohmic 
resistance (Fig. 508), the effect of the inductance is partially or 
wholly neutralized by the capacitance. The inductance causes 
the current to lag behind the electromotive force, but the capaci- 
tance alone would cause it to be ahead of the electromotive 
force. Hence, when both inductance and capacitance are present 
in the circuit, the current and the electromotive force are more 
nearly in phase than they would be with either inductance or 
capacitance alone in the circuit. By suitably choosing the 
gductance and the capacitance, the effect of one may be made 
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t'xa(‘tly to neutralize the effect of the other. The circuit then 
k'haves as if it contained neither inductance nor capacitance 
Imt only resistance. When this condition i.s realized, the cur- 


Pesisfance 

AAAA/^ 

R 


£^Esinpt\^ 




4 


Induciance 

Fig- oOS- — C ircuit 'with inductance, capacitance, and reyistaiice. 


rent has its largest value, and the circuit is said to be in rti^imance. 
The current is then 



as in the case of a circuit containing neither inductance nor 
capacitance. 

546. Power in Alternating-current Circuits. — The power at any 


instant in an alternating-current 
circuit is obtained by multiplying 
the current at that instant by the 
voltage at the same instant. 

Power = instantaneous current 
times instantaneous voltage. 

p = ei 

where p = the instantaneous 
power in watts. 

^ = the instantaneous 
current in amperes. 
e = the instantaneous 
electromotive force 
in volts. 



Fig. 509. — Fewer in a circuit wrhen 
electromotive force and current are 
in phase. 


The power uill vary from instant to instant, just as the current 
and the voltage vary from instant to instant. The curve repre- 
senting the power at each instant is obtained by multiplying the 
current by the corresponding voltage. Such a power curve is 
shown in Fig. 509 for the ease when the current and voltage arc 
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in phase with each other. The power is always positive, although 
the current and voltage are negative in one-half the cycle. The 
current and voltage change signs at the same instant so that their 
product is always positive. This means that when the current 
and voltage are in phase, there is never a time at which energy is 
flowing backward and being returned from the circuit to the 



Fig. 510. — Power in a circuit when electromotive force and current are not in 


generator. The effective powder in such a circuit is equal to the 
effective current times the effective voltage. 

P = EL 

The power in this circuit is all used in the resistance R, and the 
instantaneous power is, therefore, 

p = i^R. 

The average power is 

P = average i^R. 

Since, by definition, average i- = 7^, 

P = PR; ' 

and, since E — IR, by Ohm^s law, 

P = IE. 

When the current and voltage are out of phase because of the 
presence of inductance and capacitance in the circuit, the power 
curve has the form shown in Fig. 510. In this case, the power is 
negative in part of the cycle, and that part of the power curve li^ 



ALTERNATING CURRENTS 


503 


below tlie horizontal axis. This part of the power curv'c is 
obtained by multiplying a positive value of the current by a nega- 
tive value of the voltage, or by multipljdng a positive value of the 
voltage by a negative value of the current. When the power is 
negative, energy is flowing back to the generator from the circuit 
during that part of the cycle. 

Problems 

1. The effective value of an alternating electromotive force applied to a 
condenser is 6,000 volts. What is the maximum value? 

2. An alternating current flowing through a resistance of 18 ohms pro- 
duces heat at the rate of 660 watts. What is the effective value of the 
current? of the voltage? 

3. The average value of the electromotive force in the armature of an 
alternator is 180 volts. What is the maximum value? the effective value? 

4. An alternating electromotive force has a frequency of 60 cycles and an 
effective value of 220 volts. What is the instantaneous value of the electro- 
motive force at an instant Meo sec. after it passes the zero value? 
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646. Conductivity of Gases in the Nonnal State. — A gas in its 
normal state is a poor conductor of electricity. For a long time 
it was very doubtful whether gases conducted electricity at all. 
This question was, however, settled by the following experiment. 
The gas to be studied is enclosed in a large spherical vessel 
(Fig. 511) containing a charged system which takes the form 
of a pair of gold leaves suspended from a brass rod. The end of 
the rod carrying the gold leaves is insulated by means of a piece 
E r— —1 of sulphur, This piece of 

sulphur is in turn supported by 
stopper ^ a brass rod E which passes 

Iron wire— ■>l\\s ~\Baffery through the ebonite stopper C. 

L The rod E is charged to a suita- 

\ ble potential by coimecting it 

\ to a battery of about 500 volte. 

\ / \ j The other terminal of this bat- 

S/Jirerecl\^ J tery is connected to the silver 

surface coating on the vessel. Con- 

Fig. 5ii.-Electroscope for detecting tact between the brass rod E 
the conductivity of the air. The leaves , , , i , , . , 

of the electroscope slowly collapse owing 3'U.d the gold leaves IS made 
to the residual ionization of the air. whenever necessary by means 

of the fine iron wire W which can be moved from outside by a 
magnet in such a way as to make contact with the rod carrying 
the gold leaves. The wire is then allowed to move back into ite 
original position, leaving the leaves charged to the potential of 
the battery. 

Since the gold leaves and the brass rod E are at the same poten- 
tial, there is no tendency for the electricity on the gold leaves 
to leak across the sulphur plug S. Any loss of charge from the 
gold leaves takes place through the air surrounding them. Even 
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under these conditions the leaves very gradually lose their charge 
and slowly collapse. Hence, a gas in its normal state allows a 
very small current of electricity to pass through it. This leak is 

small that for most purposes a gas may be considered a perfe(‘t 
insulator, but under certain circumstances the gas may acquire a 
conductivity 'which is very many times larger than the conductiv- 
ity it has in the normal state. 

547. Ionization of Gases. — There are many ways in which 
gases may be put into the conducting state. If, for example, a 
quantity of radium is brought near the gold leaves of the electro- 
s(*oi>e (Fig. 511), these leaves collapse with considerable rapidity, 
showing -that the gas surrounding the leaves has acquired the 
jK)W'er to conduct electricity. Similar results are observed if an 
X-ray tube is set in operation in the neighborhood of the charged 


To pump 




-Leaves of 
electroscope ^ 

Shield fbr j 
X-Ray tube i 
I 




X-Ray tube 


Fig. o 12. — Apparatus for showing the persistence of the conductivity in a gas. 


gold leaves. Gases w^hich have been drawn from the region 
around a Bunsen flame (Fig. 512) have the power to conduct 
electricity temporarily. The capacity of the Bunsen flame to 
make the gas conducting is enormously increased if the flame is 
fed with some volatile salt such as sodium chloride. Light 
of short w'ave length also has this powder of rendering a gas 
conducting. 

In such cases, the gas retains its conductivity for some little 
time after the agent which made it a conductor has ceased to act. 
Its conducti\ity, however, ahvays diminishes after the agent is 
removed and finally disappears. This persistence of the con- 
ductivity may be shown by placing an electroscope in a glass 
vessel A (Fig. 512), in wLich there are two tubes. One of these 
tubes leads to a pump by means of w’hich air can be drawn 
through the vessel containing the electroscope. The other tiibc^ 
extends from the vessel A to the region where the X-ray tube is 
in action. The X-ray tube is enclosed in a lead box except for the 
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vtdndow B through which the X-rays from the tube pass into 
the air around the mouth of the tube leading to the vessel A 
The lead box shields the electroscope from the direct action of the 
X-rays. If, by means of the pump, air is drawn past the leaves 
of the electroscope while the X-ray tube is in action, the leaves 
will gradually collapse. When the pump is stopped and the 
flow of air ceases, the discharge from the leaves of the electroscope 
also ceases. If a plug of cotton wool is inserted in the tube at C 
and the air then dmwa through the tube as before, it is found that 
the electroscope vill retain its charge even when the X-ray tube is 
in action. The conductivity has thus been removed by filtering 
the air through the cotton wool. 


To air pump 


Sulphur 

msulafion 


A y ‘'Sold leaf 

electroscope 



Fig. 513. — Gases rendered conducting by a Bunsen flame. 


The conductivity may also be removed from the gas by making 
it traverse a strong electric field in such a way that a current of 
electricity passes through it. From this fact it must be inferred 
that the gas in the conducting state must contain electrified 
particles. To these electrified particles is due the power of 
the gas to conduct electricity. These electrified particles are 
either electrons or ions. The process by which a gas is made 
into a conductor of electricity is called the ionization of the 
gas. 

The conductivity of the gas is then explained by assuming that 
charged particles are produced in the gas by the action of various 
agencies and that these charged particles or gaseous ions, moving 
under the action of the electrostatic field, constitute the current 
through the gas. The transfer of electricity through a gas then 
becomes very similar to the transfer of electricity through an 
electrolyte by the motion of positively and negatively charged 
electrolytic ions. 
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548, Ionization by Flames. — If two platinum wires (Fig, 514) are placed 
in the flame of a Bunsen burner in such a way that they are not in contact, 
a current will flow from one to the other when they are connected to the 
terminals of a battery’. The current, however, is quite small. If now 
s;t)me kind of salt, for example sodium chloride, is introduced into the flame 
its conductivity is greatly increased. At the temperature of the flame, ions 
are liberated from the salt and these ions make the flame a better conductor 
of electricity'. The salt may also be supplied to the flame by spraying a 
solution of it into the illuminating gas by which the flame is being fed. The 
eurce showing the relation between the difference of potential between the 
wires A and C arid the current in the galvanometer has the form represented 
in Fig. 515. The value of the current must be corrected for the correspond- 
ing current when there is no salt in the flame. The current for a given con- 
centration of salt in the flame rises rapidly with an increase in the difference 



Fig. 514. — Ionization of 
salt in a Bunsen burner. 


Difference of Potential 

Fig. 515. — Relation betiveen the difference 
of potential and the current in a flame. 


of potential between the wares A and C. It then becomes nearly parallel 
10 the horizontal axis, show'ing that a further increase in the difference of 
potential only slightly increases the current. 

649. Velocity of Electrons. — The velocity of electrons, moving in an 
electric field, depends on the voltage w’hich is applied across the electrodes 
between w'hich they are moving. The following table show^s the velocities of 
electrons for a few selected electric fields. When the voltage on the tube 


Kilovolts 

25.. . 

75.. . 
100 ... 
200 ... 


Velocity in Centimeters 
per Second 

9.0 X 10® 

14.7 X 10® 

16.5 X 10® 

20.9 X 10® 


is not uniform, z.e., not the same over every possible path of an electron, 
the velocities will not be the same for different electrons. 

Example. — Find the speed of an electron wrhich has passed through a 
difference of potential of 4,000 volts. 
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e = the charge on the electron 
= 1.59 X 10 ~ 2 o e.m.u. 
m = the mass of the electron 
= 9.0 X 10~2s gm. 

V = the difference of potential in electromagnetic units. 
\ e = 

V - 3.7 X 10^ cm. per second. 


650. Variation of Current with Potential. — The current of 
electricity through a conducting gas is not proportional to the 
impressed electromotive force except vhen this 'electromotive 
force is small. Consider two metal plates A and B (Fig. sig'i 
immersed in a gas, and let the gas between the plates be exposed 

to the ionizing action of an X-ray 
K-RayTub^ \jcreen tube. If the plates are con- 

nected through a sensitive gal- 
vanometer to the terminals of 
Sa/yammehr a battery, a current of electricity 

nh passes from one plate to the 

\ other. As the potential of the 
Babfery J battery is increased, the current 

through the galvanometer in- 



Fig. 516. — Apparatus for showing 
the variation of current in a gas with 
potential. 


creases. For the lower values of 
the potential, there is an approx- 


imate proportionality between 
the potential and the current; that is, Ohm^s law holds. As the 
difference of potential (Fig. 517) is raised above a certain value 
which depends on the nature and pressure of the gas, the distance 
between the plates, and the intensity of ionization, a stage is 
reached where the current mcreases less rapidly than the differ- 
ence of potential. If the difference of potential is still further 
increased, a point is reached at "which further increase in the 
difference of potential causes no further increase in the current 
through the gas. At this point, the current becomes independent 
of the applied voltage. This maximum current through a gas 
IS called the saturation current. The voltage to produce thb 
saturation current depends on the distance between the plates 
and on the intensity of ionization of the gas. Except for 
cases of very intense ionization, a field of from 20 to 30 volts 


per centimeter between the plates is sufficient to produce 
saturation. 
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661. Ionization by Impact— When the saturation value of th<- 
Aeetnc current has been reached, a moderate further increase in 
tlie applied voltage does not produce an appreciable increa.se in 
the current through the gas. If, however, the electric field is 
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Fig. 517. — Saturation current in an ionized gas. 


increased above a certain value, the current again begins to 
increase (Fig. 518). This increase is at first slow. It soon 
becomes more rapid and finally a spark passes between the plates. 
This progressive effect is to be ascribed to the collisions between 
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Fig. 51S. — Ionization by collision in a gas. 

the ions in the gas and the molecules of the gas. When one of 
the ions already present in the gas has acquired a sufficient 
velocity under the action of the impressed voltage and then strikes 
a neutral molecule, one or more electrons may be dislodged from 
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the molecule or the molecule may be split into positively charged 
and negatively charged ions. In this way fresh ions are produced 
in the gas, and these act as carriers of the current of electricity 
and thus make it possible for a greater current to traverse the 
gas. The rapid rise in the curve which begins at about 200 volts 
per centimeter indicates that when the electric field has reached 
that value, the ions already present in the gas move vdth sufficient 
speed to produce new ions. This production of additional ions 
by the collision of rapidly moving ions is called ionization by 
impact, or ionization by collision. 

The minimum speed necessary to produce ions in this manner depends on 
the nature of the projected ion and upon the characteristics of the molecule 
which it strikes. It is more than a thousand times as great as the speed of 
the swiftest rifle bullet. The distance an ion travels before striking a 
molecule in a gas is only a fraction of a millimeter at ordinary pressures. 

A good illustration of ionization by collision is found in what is called a 
“brush discharge” from the terminals of a high-potenti^^ transformer or an 
induction machine. Jagged filaments of light extend from these terminals. 
These filaments are minute sparks terminating in the air surrounding the 
terminals. They are due to ionization by impact of negative ions on mole- 
cules of air. There are always a few residual ions in the space about the 
terminals. These negative ions are accelerated by the electric fields in 
which they are located and produce other ions by impact. If the terminals 
are brought close together, the electric force on the ions is increased until a 
spark leaps across from one terminal to the other. When this disruptive 
discharge takes place, there is a supply of ions produced by the collision 
of ions already in the gap with molecules of air surrounding the terminals. 

562. Discharge in Gases at Low Pressures. — If a discharge of 
electricity takes place in a gas at low pressure betw^een electrodes 
enclosed in a glass tube, some beautiful and interesting effects are 
observed. If the difference of potential between the electrodes 
is not much greater than that necessary to maintain the current, 
the luminosity is confined to the region around the electrodes and 
the remainder of the tube is dark. As the pressure is reduced to 
less than 1 mm. of mercury, the glow extends outward from the 
two electrodes and occupies the greater part of the tube. The 
potential necessary to maintain a current across the tube is 
also decreased until a certain degree of exhaustion is reached. 
Beyond this point the higher the exhaustion, the greater the 
difference of potential required to produce a discharge. 

At this stage, the chief characteristics of the discharge are as 
follows (Fig. 519) : A faint velvety glow, known as the cathode 
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jrbw, covers the surface of the negative electrode, or cathode. 
Outside of this is a space called the Crookes dark space. Beyond 
the Crookes dark space is a lunrinous region known as the 
negative glow and then a second dark space (the Faraday dark 
.<pace). The Faraday dark space is followed by a second lumi- 
nous region, reaching nearly to the positive electrode, or the 
anode, as it is called. This column, which is known as the 


/Inoc/e 
+ 


Crookes * dark space 

Ca/fhode 









PosifivB column Faraday' C&fkode glow 

dark space 

Fig. 519. — Discharge of electricity in a gas at low pressure. 


positive column, is not continuous but shows alternate bright and 
dark layers across the path of the discharge. If the distance 
between the electrodes is increased, the appearance at the cathode 
or negative electrode is not much changed. The positive column 
is, however, increased in length and reaches nearly to the negative 



glow. 

563. Cathode Rays. — If the pressure in the tube is sufficiently 
low, in\dsible streams of particles known as cathode rays, pro- 
ceeding normally from the cath- 
ode, may reach the farther bound- 
ary of the tube and produce a 
\ivid fluorescence where they 
strike the glass. The following 
evidence shows that these cathode 
rays are charged particles of some 
very attenuated form of matter. Fig. 520.- 

1. The Rays Travel in Straight 
Lines . — This fact is made evident by inserting some obstacle in 
the path of the ray-s (Fig. 520) and noting that its geometric 
shadow on the boundary of the tube no longer shows fluorescence. 
The obstacle has prevented the rays from striking the wall of the 
tube behind the obstacle. 

2. The Rays Emerge Normally from the Surface of the Cathode . — 
If the cathode is made with a concave surface, the cathode 
rays come to a focus which is near the geometric center of the 


-Cathode rays travel 
straight lines. 
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concave surface. Except for the fact that the rays somewhat 
repel each other, the focus would be exactly at the geometric 
center of the concave surface. 

3. The Rays Penetrate Small Thicknesses of Matter . — If a small 
window of thin aluminum leaf is inserted in the end of the tiih* 
(Fig. 521) where the rays can strike it \\ithout passing through 


Aluminum Wmciow 



Fig. 521. — Passage of cathode ray through thin aluminum foil. 

the glass wall, the rays Tvill pass through this window and make 
themselves evident by the luminous streamers w’hich they 
produce in the air on the far side of the window\ 

4. The Cathode Rays Are Deflected by a Magnetic Field . — If a bar 
magnet is held near the discharge tube, the magnetic field causes 
a deflection of the rays from their original path. This deflection 
is evident from the displacement of the fluorescent spot on the 


z> 



Fig. 522. — Cathode rays deflected by a magnetic field. 

farther boundary of the tube. The rays are deflected at right 
angles to the lines of magnetic force which come from the end of 
the bar magnet. The rays behave as a flexible wire carrying a 
current of electricity would behave under similar conditions. 

5. The Cathode Rays Carry a Negative Charge of Electricity.— 
.e large discharge tube (Fig. 522) is connected to a smaller 
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spherical tube C which contams the cathode A and the anode li. 
The cathode rays starting from the cathode A pass through a 



BaHer^ 

Fig. 523. — Cathode rays deflected by an electric field. 


small opening in the anode B and then traverse the larger bulb D. 
Where they strike the wall of the tube, they produce a fluorescent 


spot. At is a small cylindrical vessel 
with a small opening facing the center of 
the tube. This vessel is insulated from 
the glass bulb but is connected to a 
galvanometer or electrometer, (?. When 
the discharge passes through the bulb D, 
the hollow cylinder E receives very little 
charge; but when the cathode rays are 
deflected by a magnet so as to make 
them enter the cylinder E, a large nega- 
tive charge is indicated by the galvanom- 
eter or electrometer. This experiment 
shows that the stream of cathode rays 
carries with it charges of negative 
electricity. 

6. The Cathode Rays Are Deflected by 
an Electrostatic Field , — If an electric dis- 
charge is caused to pass from C to A in 
the discharge tube (Fig. 523), the stream 
of cathode rays will pass through the 



perforated anode A and the second perfo- ode-ray oscillograph, its 

rated ring B. In this way, a pencil of t^neo^^defitction^o 
rays will be isolated. This pencil will trons by an electric and a 
traverse the tube and, after passing 
between the two plates D and E, wiU 

strike the end of the discharge tube at P and produce a 
bright fluorescent spot at that point. If now an electric 
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field is applied between the plates D and E by connecting 
them to a high potential battery, the stream of cathode rays \^i]l 
be deflected dowmward or upward according to the direction 
of the electric field. This deflection arises out of the fact that 
the charged particles w^hile passing betw^een the plates arc 
attracted to one of them and thus deflected from their original 
course. By noting the direction of this deflection, it will be 
found that the cathode stream has been pulled tow^ard the plate 
w^hich is charged with positive electricity. This deflection again 
show’s that a stream of cathode rays consists of negatively charged 
particles. 



Fig. 525. — Oscillating discharge photographed by means of a cathode-ray osdllo- 
' graph. {Courtesy Bell Laboratories.) 


The simultaneous deflection of a stream of electrons by an electric and 
a magnetic field is made use of in an oscillograph tube (Fig. 524) which 
indicates the change of rapidly varying electromotive forces or rapidly 
varying magnetic fields. Figure 525 gives a photographic record of a 
damped electric oscillation taken with an oscillograph. 

664. Determination of the Ratio of the Charge to the Mass.— 

The simplest method of determining the ratio of the charge to 
the mass of a cathode particle is based on the simultaneous 
deflection of these cathode particles by an electric and a magnetic 
field. If an electric field is applied between the plates D and E 
(Fig. 523) so as to deflect the cathode particles downward, a 
magnetic field perpendicular to the plane of the figure may be so 
directed as to deflect them upward. By suitably adjusting 
the intensities of the electric and magnetic fields, the magnitude 



FREE ELECTRONS 


515 


of the upward and downward deflections may be made just 
equal to each other. In such a case, under the simuItaneou.s 
action of both the electric and magnetic field, the stream of 
cathode particles will not be deflected. As soon as the intensities 
of both the electric and the magnetic fields are known, and the 
deflection produced by the magnetic field alone has been observed, 
it becomes possible to calculate the ratio of the charge on the 
cathode particle to its mass. This ratio comes out to be 

& 

“ — 1.77 X 10^ e.m.u. per gram. 

if the charge is measured in electromagnetic units and the mass 
in grams. 

556. Condensation of Water Vapor on Ions. — It was found by 
C. T. E. Wilson that gaseous ions, whether positive or negative, 
act as nuclei for the condensation of water vapor. If there is a 
gas free from dust in a closed vessel and if the gas is saturated 
\^ith water vapor and contains free positive and negative ions, a 
cloud will be produced by a sudden expansion of the gas when the 
ratio of the volume of the gas after expansion to its volume before 
expansion is greater than 1.25. An expansion of this amount 
produces only a slight condensation in the gas if it does not con- 
tain ions. The water vapor condenses around the ions and, if 
the ions are not too numerous, each ion becomes the nucleus of 
a drop of water. These drops are visible, and their rate of fall 
can be observed. From this rate of fall the radius of the drop 
can be calculated, and by w^eighing the amount of water which 
falls after a single expansion, the number of drops in the cloud 
can be determined. Then by measuring the total charge carried 
doTO by the cloud, the charge on each drop and therefore the 
charge on each ion can be calculated. It is, however, nearly 
impossible to be sure that each drop has a single ion at its center. 
Hence, the results may be in error because there are fewer drops 
than there are ions. 

Figure 526 shows the way in which this experiment is carried 
out. To produce the expansion, a very light movable piston P 
is suddenly pulled down so as to increase the volume of the 
space above it. This movement of P causes a sudden expan- 
sion and consequent cooling of the air in A. By means of an 
X-ray tube at C the air in A has been previously ionized. The 
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condensation of the water vapor on the ions forms a cloud. 
From the rate at which this cloud falls, the average radius of 
the drops is calculated. The amount of the expansion is so 
chosen that drops form only about the negative ions. The 
quantity of electricity carried down by the cloud is measured bv 
means of an electrometer or galvanometer connected to the plate 
on which the water falls. 



Fig. 526. — Apparatus for producing the condensation of water vapor on ions. 

The mass of n drops is given by the equation, 

4 

M — :^pr^n 

where p = the density of the w^ater. 

M = the mass of the water deposited from the cloud, 
r = the radius of each drop. 
n = the number of drops in the cloud. 

If Q is the total charge of electricity brought down by the cloud, 
the charge on each ion is 



71 


Figure 527 shows the condensation of water vapor on electrons 
which have been set free by X-rays passing through a condensa- 
tion chamber. 

666. The Charge on an Electron. — Since the preceding evi- 
dence shows that an electron carries a charge of negative elec- 
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tricity, the next important step is the exact deteriiiinatioii <)!* 
the amount of this charge. The measiiroineiit of this eliarge has 
been carried out in a number of ways. The most exact of them 
is the method perfected by :\Iillikaii. In this method, two hori- 
zontal plates B and C (Fig. 528) are placed 
a few centimeters apart. By means of an 
atomizer JL, a small quantity of oil is sprayed 
into the space above these plates.* This 
spray of oil is in the form of drops which are 
so small that they do not settle for a long 
time after the air has become quiet. After 
a time, one of these small drops finds its way 
through a small opening 0 in the upper plate. 

A telescope M is focused on this drop so that 
its movements can be observed over a long 
period of time. The rate at which the drop 
falls can thus be measured by means of the 
telescope with a micrometer eyepiece. A 
beam of X-rays is next sent through the 
air between the horizontal plates. By 
means of this beam of X-rays, electrons are detached from the 
atoms of air or other gas, lea^dng the residue of an atom charged 
with positive electricity. This residue is called an ion. A 
battery of high potential is connected across the horizontal plates. 



Fig. 527. — Photo- 
graph of water vatMjr 
condensed on ions. 



The electrostatic field thus established causes the electrons to 
drift in one direction and the positively charged residues of the 
atoms, i.e.j the ions, in the opposite direction. These ions and 
electrons occasionally strike the small drop of oil and adhere to it. 
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The drop thus becomes charged with either positive or negative 
electricity and is pulled one way or the other by the electrostatic 
field. The potential of the battery is so adjusted that the drop 
hangs in the air for a long time vdthout appreciable motion. It is 
pulled upward by the electrostatic field and downward by gravity. 

In order to get the charge on the drop, it is only necessary to 
know the difference of potential between the plates, their distance 
apart, and the weight of thb drop. If e is the charge on the drop, 
Y the difference of potential between the plates, d the distance 
between the plates, and W the weight of the drop. 



If a single electron adheres to the drop, it would be possible in this 
way to calculate its charge. But ordinarily a number of elec- 
trons or ions may be attached to the drop, and the charge will 
be more than that on a single electron. Very careful observations 
showed that whatever charges 'were present on the drops, their 
magnitudes w^ere always even multiples of a single elementary 
charge. This elementary charge is e ~ 1.592 X coulomb. 

Whatever the character of the gas in the chamber and what- 
ever the nature of the drop on which the charge collects, the 
result is always the same. It is safe to conclude from these 
experiments that the electron always carries the same charge of 
^negative electricity and that this charge is the smallest known 
unit of electricity. This fundamental unit of electricity is 

e = 1.592 X lO”"^® coulomb 
== 4.77 X, 10~^^ e.s.u. 


Example. — What must be the charge on a drop of oil weighing 1 mg. 
to keep it at rest in an electrostatic field of 10 e.s.u. of intensity? 

‘fng = VQ. 

F “ 10 e.s.u. 

g = 980 cm. per second per second. 


m = 0.001 g. 

^ _ 0.001 X 980 
^ 10 


0.98 X 10-1 e.s.u. 


3.27 X 10-11 coulomb. 


667. Mass of an Electron. — ^By means of observations on the 
magnetic and electrostatic deflections of a beam of cathode rays, 
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jt is possible to determine the ratio of the mass to the charge of an 
electron. This ratio comes out to be 

-- = 1.77 X 10^ e.m.u. per gram. 


Since the absolute value of the elementary charge has been found 
in the way described in the preceding experiment, it is now possi- 
ble to find the actual mass of an electron. This mass is 


m = 8.96 X 10-2S g. 


This is a very small mass, the smallest mass known. It is about 
1/1,845 the mass of a hydrogen atom. 


Example. — Find the naass of the electrons transported by a current of 
100 amp. flowing for 2 hr. 


Quantity 


N 

Mass in grams 


current X time = number of electrons 


100 X 3,600 X 2 
10 

72,000 = N X 1.59 X 10“2o 

72,00 0 ^ ^ y 2Q24 

1.59 X 10-20 ^ • 

9 X 10-28 X 4.5 X 10-24. 
40.5 X 10-4 g. 


X charge on an 
electron 


568. The Mass of an Electron as a Function of Its Velocity. — In the 

case where an electron moves with a speed which approaches the velocity of 
light it has been shown by careful experiments that the so-called ‘‘mass” 
of the electron increases with the speed so that at these high speeds the 
mass is much larger than it is for electrons moving with low speeds. 


Let mo 
m 

V 

c 


Then, 


the mass of the electron at rest. 

the mass of the electron moving with a velocity v. 

the speed of the electron. 

the velocity of light. 



From this equation it is seen that, if » = c, the mass of the electron becomes 
infinite. It will be seen later that beta particles are rapidly moving electrons 
ejected from the nucleus of atoms which are radioactive. Such beta 
particles move with velocities which are as great as 180,000 miles per 
second. Consequently, the mass of these rapidly moving particles is greatly 
in excess of the mass of an electron at rest. The following table shows the 
mass of some beta particles or electrons as a function of the velocity. 
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Mass of a Beta Particle as a Function of Its Velocity 
Ratio of velocity to the velocity of 


light 

Ratio of mass to mass of electron at 

0.01 

0.50 

0.70 0.90 0.9S 

rest 

1.00 

1.115 

1-40 2.94 5.03 


Example. — VTiat is the relative mass of an electron at rest and in motion 
with a velocity of 1.6 X 10^® cm. per second? 

}n _ 1 

= -—=4=== 1.18. 

Vl - (1.6/3)2 

669 . Passage of Electrons through Matter. — When a stream of electrons 
falls on a thin shell of metal foil, a small fraction of the electrons is reflected. 
.A. fraction of them is completely stopped by the metal foil and never gets 
through it. The remainder of the electrons pass through the foil and emerge 
with diminished velocities. The fraction of the electrons that emerge from 
the metal foil depends upon the velocity with which they strike it. Thy 
fraction also depends on the thickness of the foil and* the characteristics of 
the metal out of which it is made. 

Let iVo = the number of electrons of a given velocity incident on the foil 
N — the number of electrons of a given velocity emerging from it. 
d = the thickness of the foil. 
e — the natural logarithmic base. 

u = a constant depending on the nature of the metal and the 
velocity of the electrons. 

N = No ^ 

660 . Computing the Weight of Atoms. — By means of the oil-drop experi- 
ment, Millikan determined the elementary charge on the electron. The 
value of this charge is 15.9 X 10“^^ coulomb. Hence, the number of 
electrons which would have on them a charge of 1 coulomb is 

A' = ~ X 102« = 6.29 X lO'A 

Each univalent ion, like Cl, has on it one excess electron, and this electron 
is liberated at the anode in electrolysis. The total number of electrons 
liberated at the anode when 1 coulomb passes through the cell is then 

6.29 X 10^8. 

Each of these electrons has associated with it one atom since chlorine is 
univalent. Hence, the number of atoms liberated at the anode by a coulomb 
of electricity is 6.29 X lO^®. Now in the case of chlorine, the mass of 
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,*yorine liberated by 1 coulomb is 0.0003675 gm. This mass is known from 
m eia*troehemical equivalent of the elements. Hence, the mass of each 
item of chlorine is 

- , , . mass of Cl deposited bv 1 coulomb 

Mass of atom o c orine number of electrons in 1 coulomb 

0.0003675 
"6.29 X 10^8 


Mass of atom of hydrogen 


= 5.84 X 10-23 g. 

— of hydrogen liberated by 1 coulomb 
number of electrons in 1 coulomb 
_ 0.00001045 
6.29 X 10^8 
= 1.66 X 10-2^ g. 


Since oxygen is divalent and each oxygen atom has two extra electrons, 
the number of ions to carry 1 coulomb is. 


6.29 X 10^8 


= 3.14 X 1018. 


Mass of atom of oxygen 


mass of oxygen liberated by 1 coulomb 
number of electrons in 1 coulomb 


0.0000829 
3.14 X 1018 
= 2.64 X 10-23 g. 


561. Positive Rays. — In the preceding sections, the mass 
and charge of an electron obtained from a neutral atom or mole- 
cule have been considered. Since the electron is charged with 
negative electricity and the atom or molecule was originally 
neutral, the residue after the removal of the electron must carry 
a positive charge of electricity. As the mass of the electron is 
small in comparison with the mass of the atom, this positively 
charged residue has a large mass in comparison with that of the 
electron. The discharge tube must contain, besides the free 
electrons, a large number of positively charged atoms or mole- 
cules. When an electromotive force is applied between the 
electrodes of the discharge tube, the electrons drift from the 
cathode to the anode. On the other hand, the positively charged 
atoms or molecules drift from the anode to the cathode. If a 
hole is made in the cathode normal to its surface, these positively 
charged particles stream through it and cause a fluorescence 
in the residual gas behind the cathode. Such a stream of posi- 
tively charged molecules or atoms is known as a stream of 
positive rays. This stream of positive rays moves in the direc- 
tion opposite to that of the cathode rays and consists of rapidly 
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mo\ing, positively charged molecules or atoms. These positive 
rays can be deflected by both an electric and a magnetic field 
In this way their mass and charge have been studied. 

The discharge tube (Fig. 529) used for this purpose consist^ 
of a large bulb C in which the cathode A is pierced by a ven- 



Fig. 529. — Positive rays passing through the hole in the cathode are deflected 
by either an electric or a magnetic field. 

small hole. Through this hole passes a very fine pencil of positive 
rays which pass between the poles N and S of the electromagnet 
and then fall on the photographic plate P where they produce a 
blackening of the plate. By means of an electrostatic field 
which is in the same direction as the mag- 
netic field, a second deflection which is at 
right angles to that arising from the mag- 
netic field can be produced. In this way 
the positive rays of different masses and 
charges are deflected to different positions 
on the photographic plate, as shown in Fig. 
530, The masses and charges can be 
determined from the location of the spots 
on the photographic plate. In this way it 
has been found that the positive rays con- 
sist of positively charged residues of atoms 
and molecules. They are really what is left 
of the atoms or molecules when they have 
lost one or more electrons. They difier 
from the electrons in the fact that they 
carry positive charges of electricity and in the further fact that 
they have masses which are about equal to the mass of the atom 
or molecule of gas in the discharge tube. 

A modification of this experiment by Aston has given a very 
precise method for determining the masses of the chemical 



Fig. 530. — Photograph 
of positive rays after de-* 
flection by a magnetic 
and an electric field. 
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6i6ni6iits snd from his results is obtfiined the most precise infor- 
mation about the masses of the isotopes of the elements. "When 
it was thus possible to measure the masses of individual atoms, it 
t\as found that we cannot assume that the masses of all atoms 
of the same element are identical. On the contrary, elements 
haling the same chemical and physical properties may differ 
mth respect to their atomic weights. Such elements 'occupy 
the same position in the periodic table and for that rea.son are 
called isotopes. The chemical method of determining atomic 
weights gives only the average value of the atomic weights of 
the isotopes. An element like lithium which has an atomic 
weight of 6.96 consists in reahty of a mixture of two kinds of 
lithium. One of these types of lithium has an atomic weight 
of 7 and the other an atomic w^eight of 6. Since the lithium with 
an atomic weight of 7 is present in the mixture in much the larger 
proportion, the observed atomic weight is nearly equal to that of 
the heavier type of lithium. 

The following table show's some of the results obtained by 
.iston on isotopes : 


Element 

Atomic 

Atomic 

Minimum 


number 

weight 

number of 
isotopes 

Masses of isotopes 

H.. 

1 

1.008 

1 

1.008 

He. 

2 

4.00 

1 

4 

Li.. 

3 

6.94 

2 

7,6 

B.. 

5 

10.9 

2 

11, 10 

Xe, 

10 

20.2 

2 

20, 22 

Mg 

12 

24.32 

3 

24, 25, 26 

CL. 

17 

35.46 

2 

35, 37 


SO 

200.6 

Problems 

(6) 

(197-200) 202, 204 


1. A device for measuring very small currents has been designed which, 
measures a current of 63 electrons per second. How many amperes is that? 

2. Two small spheres, equally charged with negative electricity, at a 
distance of 2 cm. repel each other with a force of 10 dynes. How^ many 
excess electrons does each sphere carry? What is the mass of these electrons? 

3. A 10-watt lamp is turned on for a period of 6 hr. How- many electrons 
pass through in that time? (The source of current is a 110 volt line.) 

4. In Millikan’s oil-drop experiment, the charge on the oil drop is equal to 
the charge on three electrons. The oil drop is in an electric field arising from 
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a difference of potential of 5,000 volts between two plates which are ai ‘i 
distance of 0.75 cm. from each other. Find the force acting on the oil drop 
6. A current of 0.0001 amp. flow’s through a vacuum tube. How long 
must the current flow’ in order that the electrons w’hich pass Through th^ 
tube may have a mass 0.01 g.? 

6. An electron is moving through a uniform magnetic field w’ith one-eighth 
the speed of light. If the intensity of the magnetic field is 300 oersteds, what 
force, in dynes, acts on the electron? 



CHAPTER XLVII 


discharge of electrons from hot wires and 

APPLICATIONS 

662. Discharge from Hot Wires.— If a platinum wire DE 
I Fig. 531) is placed inside of a pietal cylinder C which i.s inserted 
in a very perfectly evacuated vessel, it is found that when the wire 
is heated to incandescence, there is an evaporation of electrons 
from its surface. If now the cylinder C is connected to the earth 
through a galvanometer G and a battery B, there \\ill be a flow of 
electrons from the mre to the cylinder, through the galvanometer 
and then to the earth. When the wire is at room temperature, 
this flow of electrons does not take 
place. As the temperature of- the 
wire is increased, the number of 
('lectrons escaping from the surface 
of the wire increases rapidly, and 
the current through the galvanom- 
eter G also increases. The relation 
between the current through the 
galvanometer and the temperature 
is showm in Fig. 532. Since the 
current in the galvanometer is pro- 
irortional to the number of electrons evaporating each second, 
this curve also show's how the rate of evaporation of electrons 
increases with the temperature. 

This escape of electrons from the surface of a hot wire is quite 
analogous to the evaporation of the molecules from the surface 
of a liquid. The curve in Fig. 532 showing how the number of 
electrons increase with rise of temperature is similar to the vapor- 
pressure curve of a liquid (Fig. 281). There is, however, this 
important difference. In the evaporation of a liquid the mole- 
cules are uncharged, but in the discharge of electricity from hot 
wires each escaping electron is the elementary charge of nega- 
tive electricity. This discharge of electricity from hot wires has 
found many very important practical applications. 

525 



Saffery 

Fig. 531. — Discharge from hot 
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663. Thoriated-tungsten Filament. — If a filament is made of tungsten in 
which there is dissolved about 0.5 per cent of thorium oxide, the electron emis- 
sion from the wire is greatly increased. In this case, the emission seems to be 
from a very thin layer of thorium on the surface of the wire. The tunpten 
wire serves to heat the thorium oxide. During this heating, the thorium 
oxide is reduced to metallic thorium, and this metallic thorium diffuses 

to the surface of the filament. The emis- 
sion increases with the time as more thorium 
appears on the surface. After a monomolec- 
ular layer of thorium has been formed on 
the surface of the wire, the emission of 
electrons reaches a steady value beyond 
which it does not increase. For a tempera- 
ture below a certain limit, the metallic 
thorium remains on the surface of the wire. 
If the temperature of the wire is raised above 
this value, the atoms of thorium evaporate 
leaving an exposed surface of tungsten. 
Other atoms of thorium diffuse to the surface 
thus maintaining a monomolecular layer of 
thorium on the surface. If the layer of 
metallic thorium is in some way driven from 
the surface of the wire, the emission drops to 
the electron emission for tungsten. The 
metallic thorium may be removed from the 
surface of the wire by operating the fiilament at too high a temperature. 
The filament has thus been deactivated. 

664. Distribution of Electrons at the Surface of a Hot Wire. — In Fig. 533 
is given a rough diagrammatic representation of the way in which the elec- 
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Fig. 532. — Increase of dis- 
charge of electrons with the 
temperature. 
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Fig. 533. — Space charge of electrons 
near a wire at different temperatures. 



Velocity of Electrons 
Fig. 534. — Eelation be- 
tween number of electrons 
and velocity at different 
temperatures. 


trons may be distributed near the surface of a hot wire. As the temperature 
of the wire is increased, the concentration of the electrons in the neighbor- 
hood of the wire also increases. At low temperatures, few electrons leave 
the surface and these have such low velocities that some of them are pulled 
back into the wire before they go far from it. If the temperature of the wire 
is increased, the mean velocity of the electrons is also increased so that more 
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of them move farther away from the wire before the^" are pulled back into it 
hy the electrostatic forces in the neighborhood of the wire. The way in 
which the number of electrons and the distribution of velocities among the 
different electrons change with the temperature is represented diagram- 
matieally in Fig. 534. The areas under the curves are proportional to the 
total number of electrons emitted by the wire at that temperature. The 
form of the curve indicates the way in which the number of electrons with a 
given velocity changes with the temperature. The higher the temperature^ 
the greater the number of electrons with a given velocity. 



665. The Thermionic Valve. — The thermionic valve (Figs. 535 
to 537) consists of a bulb from which air or other gases have been 
completely exhausted. On the inside of the bulb is a tungsten 
filament much like the tungsten filament in a small electric light 
bulb. This filament is heated to incandescence by means of an 
external battery jBi as an electric 
light filament is heated. As the 
filament is heated, electrons escape 
from it and fly out into the surround- 
ing space. In the bulb there is 
mounted a plate which is connected 
to a wire passing through the side of 
the bulb. In some cases this plate 
takes the form of a cyhnder surround- 
ing the filament. There is no electrical connection between the 
plate and the filament inside of the bulb. If the filament is now 
connected to the negative terminal of a battery and the plate to the 
positive terminal, the electrons will be repelled from the filament 
and attracted to the plate. There vill thus be a current of elec- 
trons from the filament to the plate through the circuit containing 
the battery jB 2 . If now the terminals of the battery are 
reversed so that the negative terminal is connected to the plate 



Fig. 536. — Rectification of signals 
by a thermionic valve. 
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and the positive terminal to the cell, the electrons will remain in 
the filament and no current will pass from the plate to tin- 
filament. The bulb has, therefore, the power to let a current 
pass in one direction through it but prevents the current from 
flowing in the opposite direction. The bulb when placed in an 



Fig. 537. — Thermionic tube with a large current-carrying capacity. {Court€»ij 

Bell Laboratories.) 

electric circuit behaves like an electric valve, permitting the 
current to flow in only one direction. Thus, when the coil I. 
induces alternating electromotive forces in the coil Li (Fig. 536), 
current in the coil Li flows in only one direction. The electronic 
current can pass only from the filament to the plate. This 

is equivalent to a positive current on 
the basis of the ordinary conventions 
with respect to the direction of the 
current flowing from the plate to the 
filament. The ability of such a bulb 
to rectify a current has important 
applications. 



666. Tungar Rectifier. — In the tungar 
rectifier (Fig. 538), the generator (? supplying 
the voltage to be rectified is connected to the 
terminals of the primary F of a transformer. 
The secondary terminals S of the trans- 
former are connected to the filament of the 
vacuum tube. The voltage is transformed 
until it is sufficienth^ low to be suitable for 
heating the filament. If it is desired to 
charge a battery from the alternating-current 
generator, the positive terminal of the battery is connected to the primary of 
the transformer and the negative terminal through a regulating resistance R 
to the anode of the vacuum tube. The other terminal of the primarj^ of the 
transformer is connected to the filament at A. The electrons from the hot 
filament are able to pass only' from the filament to the anode. Hence, the 
electronic current can flow only from the filament to the anode, and the tube 


Fig. 538.- 


-Diagram of tungar 
rectifier. 
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:,cts as a valve which allows the currenr to pass in 
Hence, the electronic current in the circuit containi-i 
through the battery in the direction opposite to that 
imiicated by the arrows. This direction is opposite to 
the direction in which the current would flow if the 
battery were delivering current. Because of the rectify- 
ing power of the tube, the current flows in only one 
direction through the battery although the generator G 
.supplies an alternating voltage. Figure 540 gives an 
oscillogram of the current and voltage after rectification 
by a tungar rectifier. The upper curve represents the 
voltage, and the lower curve the current. By means of 
.such a rectifier it is possible to charge a storage battery 
from an alternating generator. In other words, it is 
possible to obtain direct current from an alteniating 
generator, 

667. The Audion. — The audion, now extensively used 
in receiving and sending wireless messages, differs from 
the thermionic valve (Fig. 541) in that a wire gauze or 
grid G is inserted between the plate and the filament. 
A wire passing through the side of the bulb is connected 


only one ilirectioii. 
the hatTCTV How.'. 



Fig. 539. — TuIk? of 
tungar rectifier. 


to this wire gauze or grid, but the grid is not in any way connected electrically 
to either the plate or the filament inside of the tube. The electrons emitted 



Fig. 540.— -Voltage and current in a tungar rectifier. Upper curve, voltage. 
Lower curve, current. 

hy the filament will charge the gauze or grid negatively. The passage of 
electrons from the filament to the grid will then nearly cease because of the 
negative charge on the grid. This effect is increased if the grid is given a 
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negative potential with respect to the filament. The batterj^ is then 
unable to produce a positive current from the plate to the filament. 

If, on the other hand, the potential of the grid be made positive with 
respect to the filament, electrons pass freely toward and through the grid 
and reach the plate. Hence, the battery 82 can now produce considerable 
current. A small negative potential of grid over filament nearly stops the 
current from the battery 82 , and a small positive potential of grid over 
filament allows a large current to be supplied by 


the battery S 2 * Thus small changes in potential 
when applied to the grid are able to produce large 
changes in the current supplied by the battery. 
By this means an amplification of currents too 
feeble to be otherwise detected is produced. 




Fig. 541. — The action of the 
audion. 


Fig. 542. — The audion. 
{Courtesy Western Ekc’ 


trie Company.) 


Such an amplifier is used in long-distance telephones. A telephone 
current usually varies in accordance with the speech of the user. It is an 
alternating current of varying frequency and wave form. '\^Tien the current 
is made to impress a similarly varying voltage on the grid of an amplifying 
tube, the plate current varies in just the way the voltage impressed on the 
grid varies, except that the variation of the plate current is much greater 
than the variation of the grid current. A weak current may thus be ampli- 
fied and the distance over which telephone messages can be heard much 
increased. 



CHAPTEE XLYIII 
ELECTROMAGNETIC WAVES 


668. Electrical Oscillations.— The oscillatory discharge of a 
condenser through a spark gap (Fig. 543) sets up electric oscilla- 
tions which are transmitted through space as electric waves. 
These waves have a frequency and a wave length which are 
determined by the characteristics of the condenser and the 
inductance in series with it. In such a case, the frequency is 
given by the equation, 


n = 


27r'\/ LC 


Condenser 

C 


where n - the frequency. 

L = the inductance in 
henrys. 

C = the capacity in farads. 


t; 




Fig. 543.- 


Spark gap 

"Oscillations in an electric 
circuit. 


Example. — In a circuit containing inductance and capacity, the induc- 
tance is 0.02 millihenry, and the capacity is 0.01 mf . Find the frequency of 
oscillations in the circuit. 


n cycles per second 

1 

^ 27rV0.00002 X 1 X 10-5 

- 3.6 X 105 cycles per second. 

27rV20 X 10-^^ 

Example. — The radio antenna of a sending station has an inductance of 
0.00002 henry and a capacity of 10^® farad. Neglecting the effect of resist- 
ance find the natural frequency and the waye length of the electromagnetic 
waves. 

1 

%k^LG 

1 


~a/2 X 10-5 X 1 X 10-8 
44- 

= ^ X 10' 

= 360,000 oscillations per second. 
531 
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Wave length 


velocity 
frequency 
3 X IQio 
' 360,000 
= 833 m. 


Figure 544 gives a more detailed picture of what happens at the 
spark gap. When the electric field is changing it produces a mag- 



netic field at right angles to it, and when the magnetic field is 
changing it also produces an electric field at right angles to itself. 
Thus, a varying electric force has associated with it a varying 
magnetic force, and a varying magnetic force has associated with 
it a varying electric force. These forces are always at right angles 



Fig. 545. — Electric and magnetic waves in planes perpendicular to each other 

near the oscillator. 

to each other. For example, if the potential difference between 
the two neighboring conductors A and B (Fig. 544) becomes so 
large that a discharge occurs, there is set up in the space which 
surrounds these conductors a series of electric oscillations which 
are accompanied by magnetic oscillations, and these oscillations 
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are propagated through space with the velocity of light. At first , 
.1 is positive and B negative. Then, both are neutral, and, a 
little later, B is positive and A negative. The electric field thus 
reverses its direction. In like manner, the magnetic field which 
is associated with this electric field reverses its direction. 

At the oscillator, the electric and magnetic fields are out 
of time phase by 90 deg. When one of them is a maximum, the 


z 



r 

Fi<i. 546. — Relation between the electric and magnetic fields at some distance 
from the antenna. 


other is zero. This relation between the electric and magnetic 
fields at the oscillator is shown in Fig. 545. At points far away 
from the antennae, the electric and magnetic fields are in time 
phase ^ith each other so that at a given point in space both the 
electric and magnetic fields rise and fall simultaneously. This 
phase relation bet'ween the electric and magnetic fields at points 
distant from the oscillator is represented 
in Fig. 546. In this case, the electric 
and magnetic fields are in phase. ^ ^ j 

If an antenna and a ground connec- § o-s- I 

tion (Fig. 547) are electromagnetically § g “rr-- 

coupled with a circuit m which there §| g 

are electrical oscillations, induced elec- "p ^ ^ r c ' 

trical oscillations are set up in the ^p<^rKgap 

antenna. As the current oscillates in fig. 547.— Electrical os- 
the primary, it will alternately charge filiations induced m a 

the upper end of the antenna positive 

and negative. These upward and dowmw^ard surges in the 
antenna will produce magnetic lines of force w^hich encircle the 
antenna and reverse their direction w^henever the flow- of current 
reverses its direction. In this way rapidly reversing electric and 
magnetic fields are produced. They are perpendicular to each 
other and travel through space with the velocity of light. 


Of ,o>*, 

S' yarisrbls 


I c park gap 

’’^Ground 

Fig. 547. — Electrical os- 
ciUations induced in a 
grounded antenna. 
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In order that the electrical oscillations in the secondan’ 
should be as large as possible, the two circuits should have the 
same frequency. The influence of the primary on the secondan^ 
will then be a maximum. The two circuits will then be in tune 
and energy will be transferred from the primary to the secondary 
with maximum efSciency. ^ Since the frequency of each circuit 
is determined by the product of its capacity and its inductance, 
the two circuits ^^ill have the same frequency and be in tune when 

ni = — 722 = 

27 rVTiCi 2WL2C2 

In order to realize this condition, variable inductances and 
variable condensers may be inserted in one or both of the circuits. 
By varying the capacities and inductances the product of the 
inductance and capacity of one circuit can be made equal to 
the product of the inductance and capacity of the other circuit. 
The two circuits will then be tuned. 

When such electromagnetic waves or disturbances encounter 
another electric circuit, they set up induced electromotive forces 
in it. These electromotive forces are also oscillatory but their 
frequencies are so high that they cannot be detected with the 
human ear and a telephone receiver because the human ear does 
not respond to sounds of frequencies greater than about 15,000 
per second. Before these currents can be detected some means 
of rectifying them must be provided. 

669. Sending and Receiving Electric Waves. — To communicate by 
means of electric waves it is necessary to provide: (1) a means of sending 
electromagnetic waves, and (2) a means of receiving such waves. In Fig. 
548 one of the earlier methods of sending and receiving electric waves is 
represented diagrammaticaUy. The sending system consists of a high- 
frequency generator G which is connected through a key K to the primary P 
of a transformer. The secondary S of the transformer is connected to the 
variable capacitance Ci. The terminals of this capacitance Ci are also 
connected to the primary Li of the air-core transformer. One terminal of 
the secondary L 2 of this transformer is connected to the earth and the other 
to a number of parallel wires which form the antenna. 

When the key K is closed, an alternating electromotive force is produced 
in the secondary of the transformer. When by this means the condenser 
Cl is charged up to a sufficiently high potential to cause a spark to jump 
across the gap g, there is set up a series of electric oscillations in the coil L\. 
These electric oscillations set up in turn electric oscillations in the secondary 
L 2 of the air-core transformer and in the antenna to which it is attached. 
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Tiie electromagnetic waves thus produced are radiated out into space from 
the antenna. Whatever their wave length, they travel with the velocity 
of light, i.e.j 186,000 miles per second. 

The equipment at the receiving stations consists of another antenna con- 
nected through a variable condenser Cz to one end of the primarj^ Lz of an 
air-core transformer. The other terminal of this primary is connected to 
the ground. The terminals of the secondary’ L4 of this air-core transformer 
are connected to the terminals of the variable capacitance Ct. One of the 
terminals of this capacitance is then connected to the grid of the audion A 
and the other terminal to the filament. A battery’ Bi supplies the necessary 
energy to heat the filament. A telephone T is inserted in series with the 
battery B2 which is connected from the plate of the audion to the filament. 

The electromagnetic w’aves radiating out from the antenna of the sending 
station reach the antenna of the receiving station and produce induced cur- 



Fig. 548. — Diagram of system of wireless telegraphy. 


rents in the secondary Lz of the air-core transformer. By means of the 
condenser Cz, the frequency of the receiving circuit, consisting of the antenna 
and the coil Lz, can be made to have the same frequency as the corresponding 
part of the sending circuit. When the circuits are thus tuned, the receiving 
circuit responds much more forcibly to the waves sent out from the sending 
antenna. These induced currents in the coil Lz produce electric oscillations 
of high frequency in the coil La and thus set up variations of potential 
between the grid and the filament of the audion. Because of the amplifying 
and rectifying action of the audion, these variations of electric potential 
betw’een the grid and the filament set up amplified currents in the circuit 
containing the telephone. In this way the electric w’aves sent out from the 
sending station are reproduced at the receiving station and after amplifi- 
cation produce audible sounds in the telephone. 

High-frequency alternators, such as the one shown in Fig. 548, 
have now been replaced by electron-tube oscillators. In this form 
of oscillator an electron tube is used to produce the rapid oscil- 
lations of the electrons in a radio antenna. Ordinarily a three- 
element tube (Fig. 549) is used for this purpose, with the grid 
and the plate circuit so coupled that some of the energy of 
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the plate circuit is fed back to the grid circuit. A description 
of the operation of an electron tube connected in this way 
rather complicated and beyond the scope of this book. The 
important point is, however, that electrical oscillations are set up 
in the antenna of the sending station and that these oscillations 
travel with the velocity of light to the receiving station where 

similar oscillations are set up in the 
antenna of the receiving station. 

670. Radio T elephony. — When 
undamped waves are sent out con- 
tinuously by the transmitting circuit, 
there is in the recei\’ing circuit after 
rectification a pulsating direct cur- 
rent of constant amplitude. This 
current simply deflects the diaphragm 
of the telephone receiver without setting it into \ibration, for 
the separate pulsations occur too rapidly to permit the diaphragm 
to return to its neutral position. If now the energy radiated 
by the transmitting antenna is varied, a corresponding variation 
takes place in the unidirectional current in the receiving circuit 



Fig. 549. — An electron-tube 

oscillator. 


MBmmmm 


Carrier wave 


I n n U I . 1 1| H H i A l| i U 1 . 1 


Modulated wave 

Fig. 550. — Carrier wave and modulated wave in wireless telephony. 


and in the telephone. If these variations of current in the trans- 
mitting antenna are of audible frequency, a sound having the 
same frequency and characteristics will be produced in the tele- 
phone receivers of the receiving circuit. Thus, under suitable 
conditions, sounds or speech which have produced variations in 
the current of the transmitting circuit can be reproduced in the 
receiving circuit. Figure 550 represents the high-frequency 
carrier wave, unmodulated and modulated with audio-frequency. 
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Figure 551 represents a radiating set in which high-frequency oscillations 
are produced and maintained by a vacuum tube. Closing the plate circuit 
eaiises a current to start in the coil C. The currents in C induce currents 
in A which starts to vibrate wnth its natural frequency. In like manner 
the currents in A induce currents in B and these cause changes in the grid 
potential which again produce similar changes in the plate current. There is 
thus produced a set of actions and reactions in these coupled circuits which 
continue until high-frequency oscillations are built up to a point where 
the action of the tube becomes stable. When this condition is reached 
the energy of the high-frequency oscillations in the antenna is radiated into 
space. 

If now sound waves are introduced into the transmitter, the resistance 
of the microphone will 'va.ry due to the varying pressure of the diaphragm. 
Low-frequency variations in the grid potential will be produced and cor- 




Fig. 5.*51. — Vacuum-tube os- Fig. 552. — Dynamic loudspeaker, 

dilator used to produce undamped 
electric oscillations. 

responding variations in the plate current. Similar fluctuations are caused 
in the currents flowing in the antenna. The high-frequency weaves radiated 
by the antenna undergo changes in amplitude. A modulated high-fre- 
quency wave is produced and radiated into space. 

671. Reflection of Electric Waves by Kennelly -Heaviside Layer. — In 
order to explain why electric waves follow the curvature of the earth rather 
than go off into free space, it was suggested by Kennelly and also by Heavi- 
side that there is a layer of ionized air in the upper atmosphere which acts 
as a reflector of these waves and sends them back toward the earth. Ions 
might be produced in this outer layer in a variety of ways, and the height 
of this ionized layer probably changes from time to time so that the efficiency 
of transmission of electric waves along the surface of the earth changes with 
the conditions of the air in the upper atmosphere. It has, for instance, been 
showm that there is a definite relation between sun-spot activity and the 
intensity of radio signals. This relation is explained by assuming that the 
presence of many sun spots on the sun causes the height of the Kennelly- 
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Heaviside layer to change and its reflecting power to be altered. Tbe 
Kennelly-Heaviside layer is lower in the daytime than at night time. 

The way in which the Kennelly-Heaviside layer is supposed to act is 
indicated in Fig. 553, where A represents a sending station. After reflection 
from this layer, the electric waves return to the earth and are really confined 
to an annular space included between the surface of the earth and the 



Kennelly-Heaviside layer. This layer of ionized air probably does not 
reflect like a perfect mirror but turns the electric 'waves back by total 
internal reflection, as is the case where radiation is traveling from a medium 
of greater optical density to one of less optical density, with a medium of 
varying optical density in between these two media. 



PAET VI.— PHYSICAL AND GEOMETRICAL OPTICS 
CHAPTER XLIX 

NATURE AND PROPAGATION OF LIGHT 

672. Nature of Light. — A hot body gives off radiations of 
different wave lengths. Some of these radiations are called heat 
waves. Others are known as light waves. These two kinds of 
waves are identical except -nith respect to their wave lengths. 
The heat waves have long wave lengths in comparison with the 
light waves. Both types of waves obey the same law's of reflec- 
tion, refraction, interference, etc. Radiation with wave length 
longer than the w'ave length of red light is called infra-red 
radiation, and that with a wave length shorter than the wave 
length of the violet is called ultra-violet. Ultra-\iolet radiation 
produces chemical effects like those which are found w’hen a 
photographic plate has been exposed to the light. 

The theory that light consists of a wave motion in a hypo- 
thetical medium knowm as the ether is now' ordinarily accepted 
as it is useful in explaining many of the observed phenomena 
of light. If an ordinary incandescent lamp bulb is evacuated 
of air and other gases, the incandescent filament illuminates its 
surroundings in spite of the fact that the light from the filament 
travels through a vacuum. The light from the sun could not 
reach the earth if a material medium were necessary for its 
transmission. That light is a transverse wave motion wiU be 
more evident from a discussion of the facts of polarization which 
is given in a subsequent chapter. 

573. Velocity of Light. — The velocity of light, which is 186,000 
miles per second, is so great that in 1 sec. it would travel more 
than seven times around the earth at the equator. Light travels 
from the sun to the earth in a little over .8 min., but it requires 
4 years for light to travel from the nearest star to the earth. 
If the North Star were obliterated, the earth would continue to 
receive light from it for about 44 years. Several methods have 

539 
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been devised for determining the velocity of light. It is sufficient 
for our purposes to describe two of them. 

The method of Foucault, which has been modified and 
improved by Michelson, has given very accurate results for the 
velocity of light. An understanding of this method can be 
obtained by examining Fig. 554. A source of light, S, sends a 
beam of light to a mirror AB which can be rotated about an 
axis through its center 0 perpendicular to the plane of the 
diagram. The mirror AB reflects the light through the lens 

LN to the plane mirror if, 
which sends it back to the 
mirror AB and, thence, to S 
where an image is formed. 
When the mirror AB is not 
rotating, this image coincides 
with the source of light, S. 
When, however, the mirror AB 
rotates through an angle jc 
while the light travels from the 
mirror AB to the mirror M and 
back again to the mirror AB, 
the beam after reflection at the 
mirror AB '^ill not return to S 
but to some other point, S'. 
As the mirror AB turns through 
turns through this same angle. 
The angle between the ray incident on the mirror AB after 
returning from the lens LN is thus decreased by x, and, since the 
angle of incidence is always equal to the angle of reflection, the 
angle of reflection will also be decreased by x. The ray after 
reflection at the mirror will, therefore, have been deflected 
through an angle of 2x from its position when the mirror AB was 
not in rotation. 

By measuring the distance SS' and the distance d from the 
mirror AB to B, the angle 2x can be found, for 2x = SS'/d 
radians. If the number of revolutions which is made per 
second by the mirror AB is observed and denoted by n, then 
X = 27rnt, where t is the time for the light to pass from the 
mirror AB to the mirror M and back again to the mirror AB. 
If V denotes the velocity of light and L the distance from the 
mirror AB to the mirror M, 



Fig. 554. — Foucault’s method for 
measuring the velocity of light as 
modified by Michelson. 


an angle x, its normal OP also 
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2L = Vt. 


t 

2L 

V 


X 

2xn 

T'JL 

27rn 

47rnL 


Example.— In determining the velocity of light by Foucault’s method it 
was found that the rotating mirror made 100 revolutions per second. The 
distance from the fixed to the rotating mirror was 603 in. an<l tlie angle* 
through which the mirror rotated w^as 0.0025 radian. Find the velocity of 
light. 

y _ AtTUL 
X 

_ 4 X 3.1^ X 100 X 60.300 
0.0025 

= 3.02 X 10^« cm. per second. 

674. Michelson’s Latest Method. — The latest method used by Michelson 
for measuring the velocity of light is indicated in Fig. 555. A distance of 


S 



Fig. 555. — Michelson’s latest method for measuring the velocity of light. 

about 23 miles was surveyed with extraordinary care and skill from Mount 
Wilson to Mount San Antonio in California. In one case the distance used 
was 35,426.3 m., and this distance w’as accurate to wdthin 0.1 m. The 
revolving mirror M of steel or quartz could be rotated at a very’ high speed 
and this speed could be kept extremely constant. This revolving mirror 
was in the form of a rectangular octagon, each side of which w’as polished, 
thus forming eight mirrors equally inclined to each other. Light from a 
brilliantly illuminated source S was reflected from the side A of the revolving 
mirror and, after reflection at the two totally reflecting prisms N and P , wa.s 
received by the large concave mirror C and reflected from this mirror as a 
beam of parallel rays. To guarantee that these reflected ray’s be parallel, 
it was only necessary to place the source S at the principal focus of the 
mirror C. After the light had been reflected from the mirror C, it traveled 
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23 miles to a similar mirror D on Mount San Antonio, by which ^it ipas 
brought to a focus on a small mirror at the principal focus 0 of the k 
mirror D. From this small mirror, the light was reflected back to tiie 
mirror D and then back to the mirror C on Mount Wilson. From the minor 

C, the light was again reflected to the totally reflecting prism R by which it 
was reflected to the face B of the revolving m'irror M and then brought to a 
focus at S' where the image was observ^ed by means of a telescope provided 
with cross wires suitable for measuring the position of the image in the 
eyepiece of the telescope. 

Imagine that, at the outset, the mirror M is not in rotation about its axis 
Light leaving the source S after reflection at the face A is reflected over and 
back between the mirrors C and D, and finally, after reflection at the face B 
is received in the telescope and made to coincide with the cross wires of the 
telescope. Now imagine that the mirror Af is set in rotation at a high speed- 
While the light reflected from the face A of the revolving mirror M travels 
from the face A to the mirror C and then to D, and back to C, and then to 
B, the mirror M rotates so that the returning light does not fall on the face 
B, as it did when the mirror M w^as stationary but on the face E. If iiow 
the speed of the rotating mirror AI is such that the mirror turns exactly one- 
eighth of a revolution betwreen the time of the reflection of the light at the 
surface A and its reflection by B, the light is reflected from the face E in 
exactly the same way it was formerly reflected from the face B. Hence, 
the image of the light again falls on the cross wires of the telescope. In other 
words, the speed of rotation is so adjusted that the face E just replaces the 
face B while the light is traveling twice betwreen the mirror C and the mirror 

D. When this condition is realized, the time the light is traveling betw-een 
its reflection at face A and at face E is known, for it is just equal to the time 
necessary for the mirror AI to make one-eighth of a complete revolution. 
Now knowing both the distance the light has traveled and the time to travel 
that distance, it is possible to get the velocity of light accurately from the 
simple equation 

1 -x distance 

Velocity = —p 

time 

675. Frequency and Wave Length. — The relation between 
frequency, velocity, and wave length is the same for light waves 
as it is for sound waves. Hence, 

j) = n\ 

where v is the velocity, n the frequency, and X the wave length. 
Waves of yellow light have been found to have a wave length 
equal to about 0.000059 cm. Taking the velocity of light to be 
3 X 10^® cm. per second, the frequency of yellow light is 

^ X 10-4 "" ^ second. 
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The wave length of light is often expressed in Angstrom units. 
One Angst rom un it = 10“^ cm. 

676. Sources of Light.— The sun is the chief source of ligiit 
and heat, but there are many artificial sources. Any body when 
heated to a sufficiently high temperature becomes a source of 
light. 

As the temperature of a body is 
raised, the body emits invisible radia- 
tion. When it becomes red-hot, visi- 
ble radiations begin to be emitted. 

The higher the temperature, the 
greater is the amount of both heat and 
light waves which are emitted, but the | 
percentage of \dsible radiations be- - 
comes larger and larger as the tem- 
perature of the source of radiations is 
increased. For this reason, the 
modern tungsten lamp is much more 
efficient than the old carbon incandes- 

cent lamp. (Fig. 556.) Tungsten ^:e ' vtoe lengsumicrons? 

has a very high melting point, and , 

, 1 1 1 556. — A small part of 

when it IS surrounded by nitrogen or the radiation from an incan- 

when it is in a vacuum, it can be heated <i®scent lamp is visible, 
to a high temperature and its efficiency thus made large. 

577. Rectilinear Propagation of Light — Under ordinary cir- 
cumstances light travels in straight lines and does not appreciably 
bend around objects. That light travels in straight lines may be 
shown by placing a candle or other source of light behind a 
screen ha\dng in it a small hole (Fig. 557). In front of this screen 

Fig. 557. — Rectilinear propagation of light. - 

AB are placed tw-o screens CD and GF, each vith a small hole si 
the center. When these screens are so adjusted that the eye E 
can see the source of light S distinctly, it wdll be found that the 
straight line joining S and E passes through the holes in the 
screens. This shows that light from S to E comes in a straight 
line. 
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The rectilinear propagation of light is also shown by the fan 
that a small source of light will cast a sharp shadow of an object 
Thus a small source of light S (Fig. 558) vnll illuminate ail points 
on a screen above and below A and B. No light arrives at the 
screen between A and B because it is stopped by the opaque bodv 
M. The fact that the boundary of the shadow is sharp shows 



objects. Light from a point source 
gives sharp shadows. 



Fig. 559. — Shadows from finitesources. 
Light from finite sources gives shadows 
with no sharp edges. 


that light from S does not bend appreciably into the shadow of 
the opaque body. 

When the source of light is not small, the boundary of the 
shadow will not be sharp (Fig. 559). Points on the screen above 
A and below D will be fully illuminated by S, The part of the 
screen between B and C will receive no light and will, therefore, 

be a complete shadow. The 
screen between A and B and 
between C and D wdll be partly 
illuminated and will be a less 
dense shadow than the part 
between B and C. This outer 
shadow mil gradually shade off 
from complete shadow at B to 
complete illumination at .4. 
This gradual shading off gives 
the shadow that blurred appearance 'which characterizes most 
shadows. 

When the source of illumination is larger than the object cast- 
ing the shadow (Fig. 560), the only region of complete shadow h 
the cone FEN having the object as a base. If the screen is placed 
near the object, there will be cast on it a small complete central 
shadow surrounded by a large partial shadow. When the screen 



Fig. 560. — Shadows by objects smaller 
than the source of light. 
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is far from the object, there mil be only a diffuse shadow with m 
complete shadow at the center. 

578. Total, Annular, and Partial Eclipses.— The best iliustratioii uf 
shadows on a large scale is found in the eclipses of th(‘ sun or moon. Wlum 
the moon happens to be interposed between the sun and the earth in such a 
way that its shadow falls ^Yholly or partly on the earth, tlu‘ sun is wholly 
or partly obscured by the moon and there is a total or partial eclipse of the 
sun. h the earth is sufficiently near to the moon and passes through the 
complete shadow represented by the cone FEN (Fig. ,3t)0\ the eclip.se is 
total. If, however, the earth is farther away from the moon and pa.sses 
through only the partial shadow, the eclipse is said to be annular. 

Wlten the earth, moon, and sun are not in exactly the same straight line, 
there may he a partial eclipse. Sometimes the moon, when it is full, passes 
through the shadow of the earth. There is then an eelipse of the moon. 

Problems 

1 . The nearest star is at a distance of 4 light years. Express this distance 
in miles. (A light year is the distance traveled by light in free space in 
1 year.) 

2 . What frequency of light will result in a wave length of O.OOOOtl cm. in 
air? 

3 . Signals with a frequency of 600 ke. are sent out by a radio station. 
Find the wave length, assuming that the waves travel with the speed of 
light. (One thousand vibrations per second = 1 kilocycle. J 

4 . What minimum speed of rotation is necessary for an S-sided mirror 
used by Michelson in measuring the speed of light, with a total path between 
reflections of 44 miles? 

5 . Light of a certain wave length has 12,000 light waves to the centimeter 
in air. Find the number of waves per centimeter when the light is traveling 
in water if speed of light in water is three-fourths as great as it is in air. 

6 . A beam of light of wave length 0.000059 cm. travels from one sub- 
marine to another under water a distance of 400 m. Find the time whicii 
elapses and the number of waves between the submarines? Velocity of 
light in water = 2.25 X 10^^ cm. per sec. 

7 . In measuring the velocity of light a rotating mirror havmg l2 sides 
was used. The rotating mirror was 45 km. away from the stationary mirror . 
What speed of rotation must be imparted to the rotating mirror? 

8. An astronomical unit of distance is the light year by which is meant the 
distance light travels in a year. Compute this distance in miles. 
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ILLUMINATION AND PHOTOMETRY 

579. Standards of Ulu min ation. — The intensity of illumination 
is measured by the amount of light which falls on unit area of a 
surface. The amount of energy received by unit surface can 
not be easily determined in absolute measure. The eye is the 
most sensitive means of detecting light, but it does not give a 
quantitative measure of it. By means of the eye it is, however, 
possible to make an accurate comparison of two intensities of 
illumination. 

To compare sources of illumination, a standard source of 
illumination is necessary. The choice of these standards is 
more or less arbitrary. There are a number of such stand- 
ards in use. The British standard candle is defined to be a 
candle made of spermaceti, weighing six to the pound and 
burning at the rate of 120 grains per hr. This standard does not 
have a sufidciently constant illuminating power to make it of 
scientific value. Its illuminating power changes with atmos- 
pheric conditions and with the conditions under which it is 
burned. For this reason it has been replaced by the Harcourt 
pentane lamp in which air is drawn over pentane and the mixture 
burned in a standard burner in which the flame is adjusted to a 
defimite height. Corrections must be made for atmospheric 
conditions. The lamp has an illuminating power which is equal 
to that of ten standard candles. From it an international candle 
is defined to be a light with an illuminating power equal to one- 
tenth of that of a Harcourt pentane lamp. 

An electric incandescent lamp when operated at a definite 
voltage is the most convenient standard of illumination. Such 
standards must be accompanied by a certificate giving their 
candlepower when they are operated imder definite conditions. 

680. Candlepower. — The candlepower of a lamp is a specifi- 
cation of its illuminating power in terms of some standard candle. 
For example, the illuminating power of an incandescent lamp 

546 



ILLUMINATION AND PHOTOMETRY 


547 


may be thirty times that of a standard candle and is then said 
to be a 30-cp. lamp. But the illuminating power of a light 
varies according to the direction from which it is observed. 
Such a variation of the intensity of the light in different directions 
is shown in Fig. 561 where the light from an incandescent gas 
mantle has been reflected by a glass shade It becomes, there- 



Fig. 561. — Distribution of light Fig. 562. — Illumination at ..-I is 1 
from a gas mantle. foot-candle. 


fore, necessary to measure the average candlepower in a gix^en 
plane. The average illuminating power in the horizontal plane 
is called the mean horizontal candlepow^. The mean spherical 
candlepower denotes the average illumination by a source of light 
from ail directions in space. Figure 561 shows how the illumina- 
tion from the gas mantle varies in a vertical plane with and with- 
out the glass shade. The dotted 

curves show the distribution without //- 

Af / -Ft ‘ ^ 

the shade. H { Vj^ — /C 

581. The Foot-candle. — A foot- | /c 

candle is the intensity of illumina- ^ '/u 

tion upon a surface at a point which 
is 1 ft. distant from a source of 1 

candle, the surface being perpendicu- fig. 563 .~Opening or has an 
lar to the light rays at that point. ^ square foot and emits i 

In Fig. 562, if the source S has 1 cp. 

and is 1 ft. from the screen DACj the intensity of illumination on 
the screen at the point A is 1 foot-candle. A gray surface receiv- 
ing light of an intensity equal to 1 foot-candle vill not appear as 
bright as a white one under the same illumination, for more light 
is reflected back to the eye from the Tvhite surface. 

682. The Lumen. — The unit used to denote quantity or amount of light 
is the lumen, A lumen is the amount of light falling on a surface which has 
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tin area of 1 sq. ft. when every point of the surface is 1 ft. from a point 
sourqe of light of 1 candle. If in Fig. 563 the area OR is 1 sq. ft., tK^ilghV 
escaping through it is 1 lumen, provided the distance of the surface from 
the source is 1 ft. and the illuminating power of the source is 1 candle. 


583. Law of Inverse Squares. — Consider the light waves 
proceeding from a small source L (Fig. 564). As the spherical 
w^ave advances, the energy in the surface of the wave is distrib- 
uted over a larger and larger area. Assuming that the medium 
through which the wave travels does nor 
absorb any of the energy, the tota’ 
energy distributed over any of these con- 
centric spherical surfaces is the same. 

Let Q be the rate, at which energy is 
sent out by the source. 

Let Ri and R 2 be the radii of two con- 
centric spheres surrounding the source. 
oG4.— Law of inverse The area of the smaller sphere is 4xi?r 
4 squares. larger one is 4 x 222 -. The 

amount of energy per unit area of the smaller sphere is 



Fig, 


h = 


Q 


4x22i2 


and the amount per unit area of the larger sphere is 


- 4x222^ 

Hence, 

1 1 222“' 

1 2 22i“ 


Therefore, the intensity of illumination from a point source of 
light varies inversely as the square of the distance from die 
source. 


Example. — A small spherical lamp sends light in all directions. A screen 
1 cm. square is placed 200 cm. from it, and a second screen of the same size 
is placed 400 cm. from it. Find the ratio of the energies received by the 
two screens. 

11 _ Ro^ ^ (40^2 ^ _ 4 ^ 

1 2 Ri^ (200)2 ’4 i 

Example. — The distance from the earth to the sun is 93,000,000 miles. 
On the average, each square centimeter of the earth^s surface intercepts 
1.93 cal. per minute. What is the total rate at which the sun radiates heat? 
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Total energy radiated per minute ~ 1.93 X 47rR^ - 40.0 X 10-«, 


where 


R = 1.37 X 10*=^ cm. 


684. Photometer —A photometer is a detdee for comparing 
the illuminating power of two sources of light. To make this 
comparison, the distances of the sources from a screen are 
adjusted untii they produce the same intensity of illumination 
oil the screen. Thus, if Ci is the illuminating power of one source, 
r. that of the other source, and Di and D. their respective 
distances from the screen when they produce equal illumination 
on it, then 

Di^ D/ 
or 

Co d / 


By observing the distances Di and Do the candlepower of either 
source can be determined if that of the other is known. 

There are many de\dces for aiding the eye in determining 
when the intensities of illumination from the two sources are the 
same. Usually, pro\dsion is made 
for varying the distance of one or 

the other of the sources until the ^ 1 

eye can detect no difference in . ^ 

the intensities of the lights on Fig. 565. — Bunsen photometer for 
, r comparing the intensities of lights. 

the screen. 


686. Bunsen Grease -spot Photometer. — If a spot of grease or oil is made 
on a piece of plain paper, the spot is more translucent than the rest of the 
imper. When the paper is held between the observer and the light, the 
grease spot will appear brighter than the rest of the paper because light passes 
through it more readily than it does through the remainder of the paper. If 
this same paper is viewed by reflected light, the grease spot appears darker 
than the remainder of the paper because the grease spot transmits the 
greater part of the light falling on it, while the paper reflects most of the 
light falling on it. This difference in the behavior of the spot and the paper 
gives a means of comparing the intensities of two lights. 

A screen S consisting of a piece of cardboard ha\dng a hole in it covered 
with oiled paper is placed between two lights Li and L- iFig. 565). The 
screen is adjusted until the appearance of both sides is the same. It is then 
considered that both sources produce the same intensity of illumination on 
the screen. To make it possible to see both sides of the screen at the same 
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time two mirrors M and N are placed on either side of the sorppn 

- , • ,1 • 1 , ^ ana tlip 

images of the spot m these mirrors are obser\^ed. By measuring the dis- 
tances from the lights to the screen, the relative candlepower of the sourcei 
can be determined.^ 


Let Cl = the candlepower of Lu 
Cs — the candlepower of Lo. 

Di = the distance from the screen to Lu 
D 2 = the distance from the screen to Lo. 

Cl/ Dp = the intensity of the light from Li on the screen. 
C^/D^^ — the intensity of the Hght from Lo on the screen. 


Since these two intensities are the same, 

A ^ 

DP D2^ 

and 

£1 

C2 


Example. — In comparing the intensities of two sources by means of a 
Bunsen grease-spot photometer, it was found that when one light was 
40 cm. from the screen, the other must be 60 cm. from it to produce the same 
intensity of illumination on the screen. If the weaker light has a candle- 
power of 16, what is the candlepower of the more intense light? 


Candlepower of Li 
Candlepower of I /2 
Cl 
C2 

£1 

16 

Hence, 


square of distance of Li from the screen 
square of distance of I /2 from the screen* 
DP ^ (60)2 ^ 30 
Dz^ (40)2 10- 

36 
16* 


Cl = 36 cp. 


586. Lummer-Brodhuii Photometer. — Because the adjust- 
ments with a Bunsen photometer cannot be made with great 
accuracy, a Lummer-Brodhun photometer is frequently used 
when greater accuracy is required. In this photometer (Fig. 
566), light from tw^o sources Li and L 2 is received on the two 
sides M and iV* of a milk-white screen. Light from Li, after 
irregular reflection from the surface M of the screen, is received 
by the prism B where it is totally reflected and passes through the 
prisms D and C where they are in intimate contact at the middle. 
On the other hand, the light from L 2 , after irregular reflection at 
the surface iV", is totally reflected by the prism A and then entei^ 
the prism C. That part of the light from Lz which falls on that 
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part of the rear surface of the prism C which is in contact with 
the prism D passes on through the prism D. But that light 
from I 2 which strikes that part of the rear surface of the prism C 
which is not in contact \\ith the prism D is totally reflected and 
enters the telescope T, On looking into the telesco|x^, it is found 
that the central part of the field of view is illuminated by light 
from Li after reflection by the prism B. The outer portion of 
the field of \dew^ is illuminated by 
light which came from Lo after 
reflection at A and the rear sur- 
face of the prism C. 

By mo\ing the photometer box 
with respect to the sources and 
observing the tw'o parts of the field 
of \iew in the telescope, the inten- 
sities of the two parts of the field 
of view can be made the same. 

When the two parts of the field of 
new are equally illuminated, an ^ ^ 

, r — Lummer-Brodh un 

accurate measure ot the candle- photometer. Light from both sources 

power of one source in terms of ^ simuitaneousiy. 

the other can be obtained by measuring the distances of the 

sources from the screen MN. The relative candlepowers are 

calculated as in the Bunsen photometer, from the equation 

C2 D/ 



Problems 

1. An arc lamp, at a distance of 60 ft. from a screen, produces the same 
illumination as a 25-cp. lamp at a distance of o ft. from the screen. What is 
the candlepower of the arc lamp ? 

2 . A screen is illuminated by a 25-cp. lamp at a distance of 4 m. At 
what distance will the same illumination be produced by a 40-cp. lamp? 

3. Two lamps of 50 and 40 cp. are placed 150 cm. apart. At what posi- 
tion between them will the illumination on both sides of an interposed screen 
be equal? 

4 . A lamp of unknown candlepower is placed at a distance of 300 cm. 
from a 32-cp. standard. The setting of a Lummer-Brodhun photometer 
head is found by experiment to be 180 cm. from the standard lamp. What 
is the candlepower of the unknown? 

6. A small screen at a distance of 40 ft. from a 100-cp. source has its 
surface making an angle of 60 deg. with the line drawn from the source. 
What is the intensity of illumination? 
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6. A screen is placed 90 cm. from a lamp. When a siieet of smoked glas^ 
is placed between the screen and the lamp, the lamp must be moved so that 
it is at a distance of 60 cm. from the screen in order to produce the sam«‘ 
intensity of illumination on the screen. Calculate the percentage of light 
transmitted by the sheet of glass. 

7. What is the equivalent candlepower of the full moon if it produces the 
same intensity of illumination on a screen as is produced by a standard 
candle at a distance of 4 ft. from the screen. Assume that the distance from 
the moon to the earth is 240,000 miles. 

8. Find the ratio of the intensity of illumination produced by the sun 
when it is directly overhead and when it is 45 deg. above the horizon. 
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687. Laws of Reflection.~Wheii a beam of light, traveling in 
a homogeneous medium, comes to a second medium, some of 
the light is reflected. At a polished or silvered surface, nearly 
all of the light is reflected. At the 
surface of clear glass, only a small part 
of it is reflected. The greater part of 
it enters the glass and passes through. 

In Fig. 567, let AB represent the 
reflecting surface, MP the perpendicu- ^ 

lar or normal to this surface, OP the Mirror 

incident ray, and PN the reflected ray. . Reflection of ii^t 

The angle 0PM between the incident angle of incidence is equal to the 
ray and the normal to the surface is reflection, 

called the angle of incidence. The angle MPN between the 
reflected ray and the normal to the surface is called the angle 
of reflection. Reflection at such a surface occurs according to 

the following two laws: 

First Law of Reflection. — 
The incident ray, the reflected 
ray, and the normal to the sur- 
face lie in the same plane. 

Second Law of Reflection. — 
The angle of incidence is equal 
to the angle of reflection. 

688. Image in a Plane 
„ , . , . Mirror. — When a luminous ob- 

TIG. ooS. — Images m a plane mirror. . , n 

The image is behind the mirror and the lllv6 E SIHEll Can (116 nani6 IS 

same size as the object. placed in front of a plane mirror 

MN (Fig. 568), any point L of the source sends light in all direc- 
tions. Two of these rays of light LA and LB^ after reflection by 
the mirror, travel in the directions AD and BE respectively. To 
an observer in front of the mirror these reflected rays seem to 
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diverge from a point behind the mirror. By dra^\dng other ray;?, 
it can be shown that they all seem, after reflection, to diverge from 
the same point behind the mirror. The observer vill, therefore, 
see a bright spot behind the mirror, and for every other spot in the 
luminous source there will be a corresponding bright spot behind 

the mirror. There vill thus be seen 
I scTcc cfLigM- , behind the mirror an image of the 
' flame or any other luminous bodv 


Reiledtd Wave 



jX 


/ 

/ 


ImagC'-- ^O' 


which is in front of the mirror. 

From L, drop a perpendicular to the 
mirror MN and produce this perpendicu- 
lar until it intersects AD. The angles 
LAM, DAN, and MAU are equal. The 
angle at M is a right angle. Hence, the 
triangles LAM and UAL' are similar. 
Since the side MA is common to both 
triangles, LM = ML'. Next draw the 
line BL'. The two triangles LBM and 
Fig. 569. — Reflection of spherical have LM — L M, the side MB in 

•waves at a plane surface. The common, and the angles at il/ right angles, 
curvature of the wave front is Hence, these triangles are equal in all 
reversed by reflection. parts. Hence, LBM = MBU, 

LBS = L'BS' = SBE, and the line EBL' is a straight line. Consequently, 
it is possible to say that the line joining the object and the image is perpen- 
dicular to the mirror and that the image is as far behind the mirror as the 
object is in front of it. 

Reflection from a plane surface may also be considered in terms of the 
w'ave front of the disturbance (Fig. 569). At the surface AB, the direction 
of propagation of the disturbance is 
reversed. The dotted lines indicate the 
incident wave fronts and the continuous 
lines the reflected wave fronts. 

689. Reflection of Light at an 
Opaque Surface. — When light 
falls on a rough opaque surface fic 
(F ig. 570), the incident light is light is scattered or diffused. 

scattered in all directions. When the surface is so smooth that 
the distances between the successive elevations on the surface 
are less than about one-quarter wave length of light, there will 
be very little scattering of light and the surface is said to be 
polished. Thus, a surface which may be considered to be polished 
for light of long wave length is not polished for light of short wave 
length. Such a polished surface which reflects light with httle 




REFLECTION OF LIGHT 


555 


scattering is called a mirror. Radiation which is invisible (Fig. 
571 ) is also reflected. 

590. Selective Reflection.— The fraction of the light which 
y reflected depends on the wave length of the light, the angle of 
incidence, and the medium surrounding the body. No substance 
has been found which reflects ^ 
light of only one wave length. 

Hence a substance ordinarily 
reflects light composed of sev- 
eral wave lengths . A substance 
which reflects completely light 
of all wave lengths is white 
when it is illuminated by w^hite 
light. Substances which reflect 
wave lengths unequally appear 
colored in white light. 

591. Concave Spherical Fig. 571. —Reflection of infra-red radi- 

A T- • 1 ^^lons. Neither the flat iron nor the cup 

Mirrors. — K concave spherical was visible in a dark room. {Photo- 

mirror is part of a spherical %hiott^xJniverHty)^^^ 
shell with its inner surface 

polished. The center of the sphere from w^hich the mirror was 
taken is called the center of curvature of the mirror, and the 
radius of the sphere is called the radius of curvature of the mirror. 
The middle point M of the mirror (Fig. 572) is known as the 
vertex of the mirror, and the straight line MN through the vertex 
y of the mirror and its center of 

p / curvature is the principal axis 

of the mirror. From the prop- 
ji/ erty of the mirror it is evident 

^ center 

y of curvature, to the mirror is 

Fig. 572.-Sphericai mirror. The perpendicular to the surface of 


Pohf source 

Center of U ' 

\ curvature 


Fig. 572.-SpIierical mirror. The perpenaiuuiai uu lue suiiaue ui 
angle of incidence is equal to the angle of the mir ror at the point tO which 
reflection. Such a line is the 

radius of the sphere of which the mirror is a part, and the radius 
h perpendicular to the sphere. 

Suppose that a luminous point U is placed on the principal axis 
and that this point sends a number of rays to the mirror. Con- 
sider two of these rays, UM and UP. The first of these rays, 
after passing through the center of curvature, strikes the mirror 
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normally and is reflected back over its former path. The other 
ray VP %\'ill be reflected by the mirror in such a way that the aagl.- 
of incidence is equal to the angle of reflection. Hence, the iiicj. 
dent ray VP and the reflected ray PV will make equal angles with 
the radius of curvature CP. The reflected ray crosses the prinei- 
pal axis at some point V. The ray VM is also reflected through 



N 

Fig. 573.- 


-Principal focus of 
cave mirror. 


y. The point T’ is the image of U, and all the rays from V will 
pass through it if the aperture of the mirror is small. Thh 
relation holds for all positions of the point U. 

592. Principal Focus. — If the luminous point such as U (Fig. 
572) is removed very far from the mirror so that the rays reaching 
the mirror are nearly parallel, the light after reflection, comes 
^ to a single point F which is easily 

located by observing the image 
which the mirror makes of the 
sun. This point at which all the 
rays parallel to the principal axis 
meet after reflection is known as 
the principal focus (Fig. 573). 
It is half way between the mirror 
and its center of curvature. 

Let the ray AB (Fig. 573) 
parallel to the principal axis strike the mirror at B and be reflected 
in the direction BF, such that the angle of reflection r is equal tu 
the angle of incidence i. Since AB is parallel to the axis, the 
angles i and x are equal and the triangle FBC is isosceles so thai 
BF is equal to FC. If B is not too far from ilf, BF and MF are 
nearly equal. Hence, MF is nearly equal to FC, and, therefore, 
F is halfway between M and C. 

Where a spherical mirror of large aperture is used, the rays 
parallel to the axis do not all meet at the principal focus. This 
gives rise to an imperfection known as spherical aberration. 
This imperfection is small when the concave mirror is only a 
small part of the sphere. This imperfection is overcome, where 
large mirrors are necessary, by using parabolic mirrors (Sec. 597). 

593. Construction of Images in a Concave Mirror. — If in a 
concave mirror the center of curvature and the principal focus 
are given, it is not difficult to construct the image of an object 
AB placed in front of the mirror. There are three cases which 
arise: (1) The object is beyond the center of curvature; (2) the 
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tibject is between the center of curvature and the principal focus; 
•p the object is between the principal focus and the mirror. 

* Suppose that AB (Fig. 574) is outside the center of curvature of 
the mirror. From A draw a ray parallel to the principal axis. 
\fter reflection, this ray will pass through the principal focus 
f Now from A draw a second ray through the center of curva- 
Hire This ray will be reflected back on itself and pass again 
through the center of curvature. \Yhere these two rays intersect, 



574^ Location of images in a concave mirror. The image js real, inverteii, 

and diminished. 

there \\ill be formed an image of the point .-i. The image of any 
other point in the arrow AB may be located in the same way so 
that the image of AB is found to be A'B'. 

If the object lies between the center of cun’ature and the 
principal focus (Fig. 575), the rays are drawn as in the preceding 
(U-je, but the image now lies back of the center of curvature 
aiid’is magnified. Let AB be the object lying between the 
(iriiicipal focus and the center of curvature. From .4 draw the 



ray AB parallel to the principal axis. After reflection, it passe.s 
through the principal focus F. Through the center of curvature 
draw the ray AC which is reflected back on itself and intersects 
the ray reflected from E at A', forming an image of A at that 
point. In a similar manner the images of the other points on th( 
arrow AB are found, givdng A'B' as the magnified and inverted 
image of AB. 
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When the object is inside the principal focus (Fig. 576), the rav 
from A parallel to the principal axis is drawn as before and as 
before it passes through the principal focus after reflection. The 
ray AEC through the center of curvature strikes the mirror 
normally and is reflected back through C. These reflected rays 
EC and DF diverge and seem to have come from a point d' 
behind the mirror. There is thus formed behind the mirror an 



N 

Fig. 576. — Object inside of the focus. The image is virtual, upright, and 

enlarged. 


image of the point A at the point A' where these two 
extended backward, intersect. Locating the images of the other 
points of AB in the same way, we have behind the mirror the 
magnified and erect image A^B' of the arrow AB. In this case, 
the image appears to be behind the mirror. It is a virtual image 
because light only a'ppears to come from it. To an eye ia front 
of the mirror the effect is the same as if light actually came from 
the image 





Fig. 577. — Image in a convex mirror. The image is virtual, diminished, and 

upright. 


594. Construction of Images in a Convex Mirror. — In case of a 
convex mirror (Fig. 577), the center of curvature and the principal 
focus are both behind the mirror. Let AB be the object as 
before, and draw from A the ray AE parallel to the principal 
axis BC. After reflection at E^ this ray leaves the mirror as if 
it came from F, the principal focus behind the mirror. Now draw 
AD perpendicular to the surface of the mirror. It is reflected 
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from the mirror at D and appears to have come from C, the 
center of curvature behind the mirror. At A', where the back- 
ward extensions of these two rays intersect, there is formed a 
virtual image of the point A. Locating the images of the other 
points in AB in the same way, it is found that the object AB 
forms the image A'B' in the mirror LN. This image is behind 
the mirror. It is virtual, erect, and diminished in size. 

595. Formula for a Spherical Mirror.— A simple formula which 
expresses the relation between the radius of curvature of the 



Fig. 578. — Derivation of mirror formula. 


mirror, the object distance, and the image distance can be 
obtained from Fig. 578 as follows. 

By similar triangles, 


Hence, 


AB:A^B'::BM:B^M, 


BC:B'C::BM:B'M. 


Let u and v denote the object distance and the image distance, 
respectively, that is, the distances of B and B^ from the mirror, 
and r denote the radius of curvature of the mirror. 


Then, BC — u — r. 
B^C V. 

BM = u, 

B'M = v. 


u — r:r — v: :u:v. 

Multiplying means and extremes together, 


uv — vr = ur — uv, 
2uv vr + wr. 
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Dividing bv iwr, 

r = i + 1. 

r u ‘ r 


If AB is at a great distance from the mirror, that is, if a is 
infinitely large, 1/u = 0 and, therefore. 


V 


r 

2 


= / = the principal focal length of the mirror. 


When ii = r. 


and 



2 

r 


V 


r. 


This means that when the object is at the center of curvature, 
the image is also at the center of curvature. When u == /, 


and 



1 

f 


V 


3C . 


Hence, the image lies at infinity when the object is at the principal 
focus. 

When u is less than the focal length /, the image is \drtual and 
lies behind the mirror. The image distance is therefore negative, 
and this negative value must be substituted in the formula. 

This formula can be also applied in the case of a convex mirror 
if account is taken of the fact that in this case the radius of curva- 
ture is negative. In convex mirro rs the image is always vhtual 
and behind the mirror, so that the image distance is also always 
negative* Hence, in the use of this formula for a convex mirror, 
a negative sign must always be prefixed to both the radius of 
curvature and the image distance. As in the case of the concave 
mirror, when u ^ qo ^ v = f, and the image is at the principal 
focus, but in this case the image is virtual and behind the mirror, 
and both / and v are negative. 

Example. — An object is situated at a distance of 80 cm. from a concave 
mirror of radius of curvature of 60 cm. Find the position of the image. 
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„ = SO. / = ^ = 30. 

1.1 1 

7. = V 


80 


V 


1 = i 

V 30’ 


2,400 

50 


= 48 cm. 


Example.— A bright spot situated at a distance of 40 cm. in front of a 
ponvex mirror forms an image 20 cm. behind the mirror. Find the focal 
length of the mirror. 

1.1 1 
— i — ~ 7' 
u V f 

Ii = 40, r - -20. 

JL - ± == i 

40 20 / 

/ - -40. 


696. Size of Object and Image. — In the ease of either the 
(‘onvex or the concave mirror, there is a simple relation between 
the size of the image and the size of the object. In Fig. 578, the 
triangles ABM and A^B^M are equi-angular and, therefon\ 
similar, because the acute angles are the angle of incidence and 
the angle of reflection, respectively. The corresponding sides 
of the triangles are therefore proportional. 

Hence, 

Size of image _ distance of image from mirror _ v 
Size of object distance of object from mirror u 


Example. — Find the size of the image of a body 2.5 cm. high when piaetni 
.■K) cm. in front of a concave mirror whose focal length is 20 cm. 

= 50, / = 20. 


1 = 1 - JL. 

V 20 50 

V = 33.3 cm. 

Size of image _ 33.3 _ a 
S ize of object 50 

.*. Size of image = 0.66 X 2.5 1.66 cm. 

697. Parabolic Mirror. — If the width of a mirror (Fig. 579) is 
comparable to its radius of curvature, parallel rays after reflection 
do not all meet at the single point F, the principal focus. Rays 
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wMch are reflected from a limited region of the mirror in the 
neighborhood of its vertex iif are brought to a focus at F, but 
the rays -n'hich strike the nairror at points distant from the vertex 
of the mir ror cross the axis at points nearer to the mirror than 
F and are not brought to a focus. The effect of this is to destroy 
the sharpness of the image which would other-wise be formed by 
the mirror. 



Fig. 579. — Spherical aberration in Fig. 580. — Parabolic mirror cor- 
a spherical mirror. rects for spherical aberration. 


If the section of the mirror is a parabola instead of a circle, 
parallel rays after reflection are all focused at a single point 
(Fig. 580). On the other hand, a point source of light at the 
focus -will send out parallel rays after reflection from the surface 
of the mirror. The chief property of a parabola is the fact that 
a line FB (Fig. 581) through the focus and a line BS parallel 



Fig. 581. — Parabolic mirror, source Fig. 582. — Parabolic mirror, light not 

of light at the principal focus. at the principal focus. 


to the axis make equal angles with the normal. From this, it 
follows that all rays parallel the axis CA will pass through the 
point F after reflection, and the whole beam, however large, will 
be brought *to a coiiimon focus. The distortion found in the 
spherical mirror is thus avoided. Since mirrors of large aperture 
are needed for searchlights, parabolic mirrors are used for such 
purposes. If the source of light is placed inside the focus of a 
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parabolic mirror (Fig. 582), the rays of light diverge after reflec- 
tion. If it is outside the focus, the rays converge after reflection. 
This fact is of importance in the adjustment of the headlights of 
an automobile. 

Problems 

1. A plane mirror lies face up making an angle of 20 deg. with the hori- 
lontal. A ray of light shines down vertically on the mirror. What is the 
angle of incidence? What will be the angle between the reflected ray and 
the horizontal? 

2. A short plane mirror used for looking at shoes is placed with its lower 
edge against the floor. If the mirror is 4 ft. from the shoes, and the level of 
the eyes is 5 ft. above the shoes, what is the greatest angle the mirror can 
make with the vertical? 

3 . An object is placed 12.5 cm. from a concave mirror which forms an 
image 25 cm. from the obje^T^ the side away from the mirror. Wliat is 
the radius of curvature of the mirror? 

4 . An object is placed 80 cm. from a concave mirror, and an erect virtual 
image twice the size of the object is formed. What is the radius of cun^a- 
ture of the mirror? 

6. An electric light bulb is placed at a distance of 6 in. from a concave 
mirror with a focal length of 3 in.; where is the image located, and how lai^e 
is it? 

6. Where must an arc light be placed with reference to a concave mirror 
with a radius of curvature of 8 ft., in order to have its image focused on a 
screen 20 ft. from the mirror? 

7. What will be the magnification obtained by using a concave mirror 
with a focal length of 1.5 ft., if the mirror is held 8 in. from the face? 

8 . An incandescent lamp is located 6 ft. from a wall It is d^ired to 
throw on the wall an image magnified three diameters, using a concave mir- 
ror. What must be the radius of curvature of the mirror, and where must 
it be placed? 

9. An object is placed 9 ft. away from a convex mirror which has a focal 
length of 2 ft. Find the position and relative size of the image. 

10. The distance of distinct vision for a normal eye is 10 in. A person 
wishes to look at his own eye with a plane mirror. How far must the mirror 
be placed from the eye? 

11. An object is placed in front of a concave mirror, having a radius of 
curvature of 30 cm. It is desired to produce both a real and a virtual image 
which is three times as large as the obji^t. Find the two distances at which 
the object must be placed in front of the mirror. 
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598 . Refraction.— Experiments have shown that light travels 
with the greatest speed in a vacuum, and that it travels with 
different speeds in different media. When it passes obliquely 
from one medium to another in which it has a different velocity 



Fig. 5S3 — Kefraction of light. The rays bend away from the normal on lea\ing 

the water. 


Angle of 
Incidence 


there occurs a change in the direction of propagation of the light. 
This bending of a ray of light w'hen passing from one medium to 
, , . ^ another is known as refraction. 

rWc^verronf t 

Refraction can be illustrated 
by taking a cup w'hich is opaque 
(Fig. 583) and placing a coin on 
the bottom of it at the point B. 
so that the far edge of the coin 
can just be seen when the eye 
is at E. If now, without mov- 
ing the eye, water is poured into 
the cup, the coin will come com- 
pletely into view. The ray BA 
as it leaves the water is bent away from the normal NA. Other 
rays are bent in a similar manner, and there is formed an image 
of the coin at C, so that the depth of the coin below the surface 
of the water seems to have been lessened. Here it is seen that 
rays coming from the water to the air are bent away from the 
normal. The rays are alw'ays bent away from the normal when 
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■Wavefront 


Fig. 584. — Change in direction of 
wave front at surface of separation of 
media. 
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they enter a medium in which their velocity is greater than in 
rluit from which they came. In Fig. 584, refraction at a plan(‘ 
surface is described in terms of the change in direction of th<^ 
wave front. The direction of the wave front changes as the wave 
front enters the refracting medium. 

599. Laws of Refraction.— Let RS (Fig. 585) be a boundary 
surface separating two media, as air and glass. Take a point 0 
on the surface and draw MN perpendicular to the surface at 0, 
If now AO represents the incident ray, OB represents the refracted 
ray. If, on the other hand, BO represents the incident ray, OA 
represents the refracted ray. In 
the first ease, the ray goes from a 
medium where the velocity is 
greater to a medium in which the 
velocity is less and is bent tow'ard 
the normal. In the second case, 
the ray goes from a medium where 
the velocity is less to one in which 
the velocity is greater and is bent 
away from the normal. The angle 
iOA’ is called the angle of inci- 
dence, and the angle MOB the 
angle of refraction. 

Index of Refraction. — The ratio of the velocity in the medium 
from which the wave came to the velocity in the medium into 
which the wave enters is called the index of refraction of the 
second medium with respect to the first. 

The index of refraction of any medium with respect to a 
vacuum is called the absolute index of refraction of that medium. 
This index is so nearly the same as the index 'vsith respect to air 
that the latter is ordinarily thought of when the term index of 
refraction'’ is used without qualification. 

Let T" = the velocity in air. 

T"' = the velocity in glass. 

X = fi == the index of refraction of glass. 

First Law of Refraction. — ^The refracted ray, the incident ray, 
and the normal to the surface lie in the same plane. 





Fig. 585. — Laws of refraction 
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Second Law of Refraction. Snell’s Law. — ^Let AB (Fig. 5ggj 
represent a surface separating one medium such as glass, in which 
the velocity is less, from a second medium Hke air, in which the 



Fig. 586. — Proof of law of refraction, 


velocity in the upper medium 
then 

CL = Vt 
DH = V^t 


velocity is greater. As soon as 
a ray enters the glass at D, it is 
retarded, while the ray CL con- 
tinues to advance with the same 
velocity as before. Conse- 
quently, the direction of all the 
rays between D and L will be 
changed on entering the glass. 
If CL is the distance the wwe 
travels in the upper medium in 
the time t and DH the distance 
it travels in the lower medium 
in the same time, and if 7 is the 
and 7' that in the lower medium, 

= DL sin i. 

= DL sin r. 


CL 

DH 


7' 


sin i 
sin r 


— index of refraction. 


It thus appears that the ratio of the sine of the angle of inci- 
dence to the sine of the angle of refraction is equal to the ratio of 



Fig. 587. — Change of index of refraction of quartz with the wave length. 

the velocities of the light in the two media and is, therefore, a 
constant for all angles of incidence. This constant is the index 
of refraction of the medium. This law is known as Snell’s law. 

The index of refraction depends on the wave length of light. 
The relation between index and wave length for quartz is repre- 
sented in Fig. 587. 
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600. Refraction through a Slab with Parallel Faces.— Suppose 
that a ray of light AB (Fig. 588) falls on a plate of glass with 
parallel faces. As the ray enters the glass, it is bent toward the 
normal, according to Snell’s law, so that 

sm t 

— — = n. 

smr 


The ray now travels to the opposite face, and, as it emerges at C, 

it is refracted away from the normal in such a way that 

sm %’ 

— > n 

smr 

where n is the index of refraction of glass with respect to air. 
The ray of light is, therefore, refracted once toward the normal to 



Fig. 588. — Refraction Fig. 589. — For several parallel slabs, 

through a thin slab. Di- the angle of incidence equals the angle of 
rection of ray AB and ray emergence. 

CD is the same. . 


the surface and once away from this normal. Since the faces 
of the plate are parallel to each other, the normals to the front 
and back faces are parallel to each other and therefore r = r'. 
Since the index of refraction is the same whether the light goes 
from air to glass or from glass to air, 
sin i sm 

sin r sin r' 

and since r = r', 

sin i = sin i' and i = 

Consequently, the direction of the ray on emerging from the glass 
is the same as its direction on entering the glass. It has, how- 
ever, been displaced laterally. 
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In case a ray of light passes through several parallel slabs of 
transparent substances the paths are as indicated in Fig. 589. 

There is also reflection from the lower surface of the glass 
plate (Fig. 590). 

601, Apparent Thickness of a Transparent Body. — One of the t‘onse- 
fiuences of the refraction of light is found in the fact that on looking tlirough 
a transparent material the body under observation appears nearer to the 
observer than it actually is. Let CA (Fig. 591) be a surface separating air 
from some other denser medium like glass or water. A ray of light, (‘oniing 
from a luminous point 0 in the denser medium and striking the surface of 
separation at A where OA is normal to the surface AC, will emerge without 


Incident 



Fig. 590. — Multiple reflection and 
refraction at parallel plane surfaces. 



depth of substance such 
as water or glass is less 
than the real depth. 


change of direction. Any other ray striking the surface at some point C at 
any angle less than 90 deg. will be bent avray from the normal to the surface 
on entering the air. By prolonging this ray backward, it will intersect the 
normal ray at D. To an eye situated in the air above the surface AC and 
viewing the object normally to the surface, the light wiH appear to come 
from D instead of from 0. By a similar construction for the other rays 
coming from 0 and striking the surface in the neighborhood of A, it will be 
found that these rays also appear to come from D. Hence, the object 0 
from which the rays actually come appears to be at D which is above 0. 
The apparent depth of 0 below the surface is, therefore, less than its true 
depth. From Fig. 591 it is seen that 

ZGCF = ZDCE = ZADC 

and 

ZOCE = ZAOC. 

sin GCF sin ADC _ AC , AC _ DC 
^ ” sin OCE " sin AOC DC * OC DC 

The eye receives only rays very near the normal to the surface, so that 
without sensible error we may write AO for CO, and AD for CD. 
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AO real depth 
AD apparent depth 



The apparent depth of the object below the surface depends on the angl<‘ 
Fig. o92 ) at which the object is viewed. 

To spear or shoot a fish under water it is necessary to aim below where tin- 
fell appears to be. If a fish were at O, it would appear to be higher up at 
!) ill case it is viewed normal to the 
surface. 

By looking down into clear water 
it is easily observed that the water 
appears to be less deep than it really 
IS. The cause of this shallowing effect 
is the refraction of the light at the 
surface of separation of the water and 
air. The greater the inclination at 
which the object is viewed, the less is 
its apparent depth. 

602. Atmospheric Refraction. — 

Light is refracted in going from a 
vacuiini to air. Let a ray of light from 
the sun (Fig. 593) enter the earth's 
atmosphere at B. This ray will be 
lient toward the radius of the earth and 
will reach an observer at 0 as if it had 
come in the direction AO instead of in its tme direction. For this reason 
the obser\^ed altitude of the sun appeal’s too great, so that it must be cor- 
rected to get the true altitude. On account of the irregular change in the 
density of the atmosphere, this correction is not easy to calculate. When 
the sun is at the zenith, no correction is necessam^. A body which is already 

below the horizon may appear to be 
above the horizon. Consequently, 
the sun really sets before its last rays 
disappear. On the other hand, the 
rays of the sun become visible in the 
morning a little while before the sun 
is above the horizon. Because the 
bending of a ray is greater the more 
nearly horizontal the ray becomes, 
the rays from the lower edge of the 
sun are bent more than those from 
the upper edge. This produces a 
Aortening of the vertical diameter, while the horizontal diameter is un- 
changed. The result is that the sun or moon appears elliptical when near 
the horizon. 


Fig. 592. — The apparent depth 
depends on the angle at which light 
comes to the eye. 


pSun 



Fig. 593. — Atmospheric refraction. 
The sun appears too high in the sky. 


603. Refraction tiirough a Prism.— A wedge-shaped portion of 
a refracting medium bounded by two plane surfaces is called a 
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prism. If the medium of wMch the prism is composed is optically 
denser than the surrounding medium, a ray of light incident on 
one of the faces vnll be bent toward the normal to that face on 
entering the prism. On emerging from the opposite face, the 
ray '^ill be going from a denser to a rarer medium and will be 
bent away from the normal at that face. The angle D (Fig. 594 ) 
through which the ray has been deflected in passing through 
the prism is called the angle of deviation. When the angle at 

w^hich the ray enters one face is 
equal to the angle at which it 
leaves the opposite face, the 
angle of deviation has its least 
value and is known as the angle 
of minimum deviation. 

604. Determination of Index 
of Refraction of a Prism.— By 
observing the angle of minimum 
deviation and the angle between 
the faces of the prism, it is pos- 
sible to find the index of refraction of the material out of wMch 
the prism is made. 



Fig. 594. — Refraction by a prism. 
The angle of deviation is least when 
the angle of incidence equals the 
angle of emergence. 


Let A = the angle of the prism (Fig. 594). 

D = the angle of minimum deviation. 
n == the index of refraction of the material out of which the 
prism is made. 


Let i and r denote the angles of incidence and refraction at the 
first face of the prism, and r' and i' the angles of incidence and 
emergence at the second face. 

Then, since the angle between the faces of the prism is the same 
as that between the normals HG and NG, 

A = r + 

The deviation at the first face is ^ — r and at the second face 
““ r'. Hence, the total deviation is 


D =, f — r + — r' 

= {i + i') ~ (r + r') = i + i' — A. 

It can be shown by experiment and also from theoretical con- 
siderations that the angle of deviation has a minimum value when 
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the angle of incidence is equal to the angle of emergence. In this 
case, i = i' and r = r'. 

2r = .4. 


Hence 


D = 2i- A. 
i = 


From the law of refraction, 

Index of refraction 
Substituting for i and r, 


_ sm t 
sin r 


Index of refraction 


sin 


A + D 


. *4 
sm^ 


Example. — In a glass prism, the angle of minimum deviation was found 
to be 58 deg. for the D-lines of sodium and the angle of the prism was 60 deg. 
What is the index of refraction of the prism? 


.4 +D 

Index of refraction 

. A 
sm 2 


Angle of prism = A. = 60 deg. 

sin i A = sin ^ (60) = sin 30 deg. = 0.5. 

sin i (A + D) = sba ^ (60 + 58) = sin 59. 

= 1.714 = index of refraction of glass. 

sm 30 0.5 


605. Critical Angle. — When a ray of light passes from a dense 
medium such as water to a rarer medium such as air, it is bent 
away from the normal so that the angle of refraction is greater 
than the angle of incidence [Fig. 595(1)]. If the angle of inci- 
dence is made larger and larger, the angle of refraction will also 
become larger and larger and will always be greater than the 
corresponding angle of incidence. When the angle of incidence is 
increased sufldciently, the angle of refraction becomes 90 deg., 
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and the refracted ray travels along the surface of separation 
between the two media [Fig. 595(2)]. That angle of incidence 
L L c 



Fig. 595. — Total reflection. Angle of incidence must exceed the critical angle 

for which the angle of refraction is 90 deg. is called the critical 
angle. 

606. Total Reflection. — If the angle of incidence is made larger 
than the critical angle, as in Fig. 59o(.3), 
light no longer enters the rarer medium 
since the angle of refraction cannot exceed 
90 deg. The ray in this case is reflected 
back into the medium from which it came. 
In this reflection the ordinary laws of reflec- 
tion are obeyed so that the angle of inci- 
^ dence is equal to the angle of reflection. 

Fig. 596.— Total reflec- Since none of the light in this case enters 
tion by a right-angled the second medium, this type of reflection 
is kno-wm as total reflection. It always 
:es place at a surface separating a rarer from a denser 
lium, when the light comes from the denser to the rarer 



Fig. 597. — Total reflection at cT plane surface- 

medium and the angle of incidence exceeds the critical angle. 
The prism ABC (Fig. 596) produces total reflection of the ray OL 
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III Fig. 597, ligiit emerges from a point stiiire(‘ P below tlit* 
-urfat'e of water. Ray.< nearly normal to the siirfac*e emerge as if 


fna'denf i 
//ahr 




M/rror 

Fig. 59S.- -Apparatus for demoiistratinK total internal reflection. 

tliey came from the point P'; other rays, for which the angle of 
incidence i.s greater than the critical angle, are totally reflected. 


Fig. 590. — Lighthouse reflector. The light is totally reflected by the prisms. 

Figure 598 gives an easy method of demonstrating the conditions 
under which total reflection takes place. 

607. The Lighthouse Reflector. — ^The lighthouse reflector is an applica- 
tion of total reflection. Right-angled prisms ^ 

are placed around the light '(Fig. 599), so that , ' 

they form an enclosed sphere. These prisms [ 

are so close together that light does not get out | . j 

between them. The rays of light coming from , j 'i 

the lamp at the center of the sphere strike one ! ] ' | 

leg of the right-angled prism, enter the glass, \ ^ ^ ! 

.strike the hypotenuse at an angle greater than | 

the critical angle, and are then totally reflected ! "JJ : ; 

in such a way that the rays of light are parallel j , U k’ ! 

to each other. The light is reflected without j n j 

loss because it is a case of total internal i 1 

reflection — Prismatic win- 

608. Prismatic Window Glass.-Where it is 
impossible to get sunlight into a room by means 

of ordinary windows, prismatic window glass may be used. The light coming 
almost straight down (Fig. 600) strikes the prismatic window glass in such a 
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way that it is totally reflected into the room. This type of window gla^ 
is useful in the illumination of basements below the level of the street 

Problems 

1. Calculate the index of refraction of a substance for which light inci- 
dent at an angle of 55 deg. is refracted at an angle of 40 deg. 

2. Light passes from water into carbon disulphide. If the direction in the 
water makes an angle of 40 deg. with the normal to the surface between the 
two media, w'hat will be the direction in the carbon disulphide? 

3. A prism of glass with an index of refraction of 1.52 is made to have an 
angle of minimum deviation for yellow^ light of 30 deg. What is the angle 
of the prism? 

4. Given a 45-deg. prism of crowm glass, find the angle of minimum 
deviation. At what angle of incidence must the light strike the prism? 
Find the deviation if the angle of incidence is 5 deg. less; 5 deg. greater. 

6. Determine the index of refraction of a substance for which the critical 
angle is 43 deg. 

6. Find the critical angle between water and carbon disulphide if the 
index of refraction, air to water, is 1.33, and that of air to carbon disulphide 
is 1.67. 

7. A prism of crown glass with angles 90, 45, and 45 deg., respectively 
is used as a totally reflecting prism. At what angle of incidence on one of 
the short faces will the light strike the hypotenuse at the critical angle? 
Illustrate with a diagram. 

8. The index of refraction of glass yyith respect to air is 1.53, and the 
index of refraction of water with respect to air is 1.33. What is the index of 
refraction of glass with respect to water? 

9. The critical angle for a certain kind of light is 48 deg. from water to 
air. Find the velocity of light in -water. 

10. A ray of light passes from oil to water. The index of refraction of 
the water is 1.33 and that of oil is 1.45. What is the critical angle for light 
passing from oil to water? 

11. A hollow prism is made of plates of glass whose surfaces are parallel 
The angle between the faces of the prism is 60 deg. What is the angle of 
minimum deviation when yellow light having a wave length of 0.00005896 
cm. is passed through the prism which is filled with water? 

12. What is the index of refraction of a glass prism which produces an 
angle of minimum deviation of 53 deg. for yellow light, assuming that the 
angle of the prism is 60 deg.? 

13. A crown-glass prism which has an angle of 20 deg. is used wifli a 
flint-glass prism in such a way that the D-lines of sodium are undeviated 
when light passes through both prisms. What angle must the flint-glasa 
prism have? 
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LENSES 

609. Lenses. — ^Lenses are bodies made of transparent material 
and bounded by faces having a cylindrical or spherical form. 
Although lenses differ much in form, they may be divided into 

Incident 



converging lens. The incident rays plane wave front by a converging 
are parallel to the principal axis POP, lens. 

two classes according to the way in which they act on a parallel 
beam of light. Consider the lens in Fig. 601 on which parallel 
rays are incident. Each ray is bent toward the normal to the 
surface on entering the lens and away from the normal on emerg- 
ing from the lens. In this way, 
bent downward and those below 
it are bent upward. After leav- 
ing the lens, the rays converge 
to a point F, called the principal 
focus. Such a lens is a con- 
verging lens. If the incident 
rays are parallel to each other, 
the incident wave front (Fig. 

602 ) is a plane perpendicular to 
the incident rays. When this 
wave front emerges from the lens, it has been changed to a con- 
cave wave front which converges to the focus. WTien the 
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the rays above the axis PO are 



ing lens. 
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bounding surfaces of the lens are very convex, the lens converges 
the rays rapidly. This gives the lens a short focal length. When 
the bounding surfaces are only slightly con\'ex, the lens has a long 



/mage 


Fig. 604. — Reversal of curvature of a spherical wave front by a converging leu^. 


focal length. In order that all the rays may come to a point 
after leaving the lens, the beam of light must be restricted to 
a narrow bundle near the principle axis of the lens. For an 


Emerging Wave Fronts 


Inadenf Wave Fronf^ a \ 
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Fig. 605. — Change of curvature of a spheidcal wave front by a 


extended beam the outer rays will not pass through the same 
point as the rays near the axis. 

When the surfaces of the lens are concave instead of convex, the 
lens makes the rays which pass through it more divergent, and for 



Fig. 606. — Change of curvature of a spherical wave front by a diverging lens. 


this reason it is known as a diverging lens. In Fig. 603, parallel 
rays are incident on a concave lens. On entering the lens, the 
rays are bent toward the normal as before, and on leaving they 
are bent away from the normal. In this case, however, the 
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ray;^ are bent tiway from the principal axis. They 
a|)iH*ar on leaving the lens to come from a point F behind ihr 
k-ns. When the incident rays are parallel to (‘ach other and to the* 
principal axis, that point from which the rays appt*ar to come on 
leaving the lens is the principal focus. This i,s only an appare!ii 
focus because the light does not really come from it, hut the effect 
on the left-hand side of the lens is the same as if ihi* light actually 
came from this point behind the lens. This kind of focus from 
which the light appears to come is a virtual focus. It is to he 
carefully distinguished from a real focus through which the light 
actually goes. 

If the lens is convex, and the incident rays (*ome from a point 
source, the incident wave front is spherical and the emerging 
wave front is the surface of a sphere with its (‘enter at the image 
(Figs. 604 and 605). If the lens is concave, the curvature of 
the wave front is increased in passing through th(- lens {Fig. 606), 
and the image is behind the lens. 

610- Spherical Aberration of a Lens. — When rays of light 
parallel to the principal axis of a spherical lens pass through zones 
near its edge, they cross the axis nearer the lens than those which 



Fw. 007. — Sphericf^l aberration in a convex lens. Rays do !iot converge 

same point. 


pass through its center. For this reason the refracted rays do not 
form a perfect cone of light. Instead of converging to a sharp 
point (Fig. 607), they cross the axis at different points and form a 
blurred image of the source. This imperfection of a lens is known 
as spherical aberration. The scattering arising from it increases 
with the square of the aperture of the lens and is inversely propor- 
tional to the cube of the focal length. For lenses of small aper- 
ture and long focal length it becomes negligible. It can be 
corrected by a proper choice of the curvature of the surfaces of 
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the lens. The curvature at different points must be so chosen 
that rays which have come from a smgle pomt on the object wiU 
converge to a point after passmg through the lens. 

611 Diopter -The reciprocal of the focal length of a lens is cafled its 
t>ii. ^ r)ower in common use is called a diopter, 

“power” by optician. T t ^ ^ 

A lens which as ® reciprocal of the focal length in meters, 

power of a lens m diopters is tn p ^ ^ ^ 

• 1 — 1 /A OK — r, 


Eacf/c/s of 
'curvcrh/re 


Radius of-' 
curvature 


its power is 1/0.25 = 4 diopters. 

612. Optical Center.— For 
each lens there is some point 
such that the rays passing 
through it are not deviated by 
the lens. For example, a ray of 
light CIBD (Fig. 608) emerges 
^ from the lens in the same direc- 

Fie 608.-The optical center is at 0 tion as that in which it entered, 
where AB crosses the axis. rpj^g jg g^g^^ by drawing a tangent 

plane at A and another at B parallel to the one at A The dire^ 
tion of the ray in the lens is the line jor^g these two pomts of 
tansencv The lens behaves for rays which enter at A and leave 
.t I as a plate of gta mth parallel fa^. Suet aplate of gl« 

m. 588) causes only a displacement of the ray without a ehmie 

m its direction. That point where an undeyiated ray m passmg 



a, 


A' \ 

i 


\0bjec1 


Pig. 609.- 


]m^e\ 


-Image by a convex lens'fhen object U sorne distance from the leas. 
The image is real, inverted, and dimimshed. 


through the lens crosses the axis is known as the optical center 

°‘m. CoustrroUon of Images-In order to obto 

the position and sire of the image formed by a lens, ^ ^ 

4 of the object AB (Fig. 609). Of the rays gomg out from this 
itat tirt’two, on) of which is paridlel to the “ 

while the other passes through the optical center 
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The ray parallel to the principal axis will pass through the prin- 
cipal focus of the lens, and the other ray will pass through the 
optical center 0 without deviation. Where these two rays inter- 
sect, there will be formed an image A' of the point A from which 
these rays came. In like manner, other points on the object AB 
can be located, giving the image A'B'. 



Fig. 610. — Image by a convex lens when the object is near the lens but not inside 
the principal focus. The image is real, inverted, and magnified. 


In a convex lens three different cases will arise: Suppose the 
object is at a considerable distance from the lens; then the loca- 
tion of the image by this method mil give a real and diminished 
image as in Fig. 609. In case the object is near the lens but still 
farther from it than its focus, the lens will form a real and magni- 
fied image (Fig. 610). When the object lies between the princi- 
pal focus and the lens (Fig. 611), the rays of light on leanng the 
lens seem to diverge from a point A' on the same side of the lens 



Fig. 611.- -Image by a convex lens when the object is inside the principal focus. 
The image is virtual, upright, and magnified. 


as the object A. There is thus formed at a virtual and 
magnified image of the object AB, 

For the concave lens there is only one kind of image possible 
(Fig. 612) , Wherever the object is placed, the image lies betw'een 
the principal focus and the lens. The rays from A on leaving the 
lens diverge as if they had come from a point A' behind the lens. 
There is thus formed an image A'B' inside of the principal focus 
of the lens. This image is virtual, erect, and diminislied. If 
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the object is taken farther away from the lens, the image A' IT 
approaches the focus of the lens. Whatever the position of ^j^ 
the image always lies between the focus and the lens. 

614. Magnification of Image by a Lens.— The magnifjin^ 
power of a lens is the ratio of the linear dimensions of the image to 
the linear dimensions of the object. 



Fui. Image by a concave lens. The image is virtual diminished, and 

upright. 

In Fig. 611 by similar triangles, 

_ OB' _ image distanc e 
AB OB object distance 

In general, 

Length of image ^ image distance 
Length of object object distance* 


616. Formulae for Lenses. — The formula connecting the object 
distance, the image distance, and the focal length of a lens is 
similar in form to the corresponding formula for mirrors. 

Let U = the distance of the object from the lens. 

V = the distance of the image from the lens. 

F = the focal length of the lens. 

For a converging lens in which the object is farther away from 
the lens than the principal focus (Figs. 609 and 610), 

i + i = i. 

U ^ V F 

If the object is very far from the lens, U - -x and 

X ^ V F 
V = F. 



LKXSK.^ 


’hSl 

Heuc'e, the image is at the priiieipal focus for very distant objects, 
if the object lies at the principal focus, 

r = F and V == x 

so that no image is formed, or th(‘ rays wiiich haivf* th(* !<ai> arc 
parallel to each other. 

In the case of a converging lens when tht' object lies betwinm 
the principal focus and the lens (Fig. 611), the image lies on the 
same side of the lens as the object, and tin* image dlstan<*e is 
negative. This fact must be taken account of by prefixing a 
negative sign to the image distance when the object is iiisi<le the 
principal focus of the lens. 

For a diverging lens (Fig. 612) both the image distanct^ aiui 
the focal length are negative, and a negative sign must l>e prefixed 


4 


Fio. 613. — Relation between object distance and image distance for a c<.>nverging 

lens. 

to each of them whenever the lens formula is used for a diverging 
lens. 

When the object is far from the lens, T == ^ and 

1 _ 1 

r " F' 

Hence, the image is at the principal focus. Here both and F 
are inherently negative. 

616. The Lens Formula. — The relation between the object distance, the 
image distance, and the focal length of a lens has been derived in Appen- 
dix E-15, but a simplified and more approximate derivation will serve tht‘ 
present purposes. 

In Fig. 613 let OB == u = the object distance. 

OC = V = the image distance. 

OF = f = the focal length. 

The triangles AOB and COD are similar. Hence, 

AB _m 
CD ~ OC' 

Length of object _ object distance 
Length of image image distance 
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618. Telephoto Lens. — In order to produce as large an image as po^iblp 
of a distant object, the focal length of the lens must be as large as possible 
This fact makes it necessary that a camera of inconvenient length be used 
since the length of the camera must be approximately equal to the focal 
length of the lens. This difficulty can be avoided by a telephoto lens (Fig 
615) which consists of a combination of a convergent lens A and a divei^em 
lens LM placed at a distance d from each other. The convergent lens 4 
would form an image of a distant object just outside its focus Fi, but the 
divergent lens LM causes the image to be formed at Fi. The image formed 
at Fi' is larger than the one that would have been formed at Fi, In this 
way, the magnification of the lens system is increased without increasing too 
much the length of the camera. 


Problems 

1 . A concave lens has a focal length of 8 cm. An object 4 cm. high is 
placed 20 cm. in front of the lens. Find the position and size of the image 

2. A candle is placed at a distance of 1 m. from a diverging lens with a 
focal length of 1 m. Where is the image located, and how large is it? 
Draw’ a diagram to illustrate this case. 

3. A metric scale is placed at a distance of 25 cm. from the eyes and 
observed wdth one eye unaided, the other looking at a similar scale through a 
converging lens placed close to the eye. It is seen that a magnified milli- 
meter division appears the same size as 6-mm. divisions seen wdth the nake?d 
eye. Find the magnification and the focal length of the lens. 

4. A converging lens of focal length 4 cm. is used as a magnifying glass. 
Find the magnification if the image is at infinity; at 25 cm. from the lens. 

6. A lamp and screen are 12 ft, apart. Wliere must a converging lens 
with a focal length of 2 ft. be placed so as to form an image of the lamp on 
the screen? Show that there are two solutions, and find the relative size of 
the image in each case. 

6. A beam of sunlight falls on a diverging lens of focal length 10 cm.; 
15 cm. beyond this is placed a converging lens of 15-cm. focal length. Find 
where a screen should be placed to receive the final image of the sun. 

7. A double-convex lens is used to form the image of an object which is at 
a distance of 40 cm. from the lens. The front surface of the lens has a 
radius of 15 cm. and the back surface a radius of 18 cm. The glass has an 
index of refraction of 1.6. Find the position of the image. 

8 . The radii of curvature of a double-concave lens are 40 and 25 cm., 
respectively. It is made of glass w’hich has an index of refraction of 1.55. 
Find its focal length. 

9. A plano-convex lens is used to form the image of an object. The 
image is formed 12 cm. from the lens. The glass of wliich the lens is made 
has an index of refraction of 1.6, and the convex surface has a radius of 
curvature of 15 cm. Find the position of the object. 

10 . A double-convex lens has radii of curvature which are equal in magni- 
tude. The index of refraction of the glass is 1.56 and the strength of the 
lens is 5 diopters. What is the radius of curvature of each of the convex 
surfaces? 
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11. A convex lens produces an image which is the same size as the uhjecl. 
The distance from the object to the st*reen on which the image is taist is 

in. Wien another lens is put in contact with the first IeIi^, the ituage i> 
iiiie-iiiiarter of its original size and the screen must be inovetl acrurdingly. 
Find the focal length of each lens. 

12. A glass lens having an index of refraetion of i.ti,') and radii of eurvatun* 

ill T-ld em., respectively, is ceimmted to anotin^r glass lem- having 

nil index of refraction of 1.56 and radii of tnirvature of ^5 and 16 em,, 
r(‘spc*ctively. Find the focal length of the combination. 

13. A double-convex lens is made of glass having an index of refraction 
of 1.56 for the D-lines of sodium. If its surfaces have radii (»f curvaturo of 
+5 and +10 cm., respectively, what is the focal length of th(‘ lens? 

14. What is the index of refraction of a plano-convex glas.s lens which has 
a focal length of 30 cm. and a radius of curvatun* of IS cm.? 

16. A plano-convex lens is made of flint glass which has an index of refrac- 
tion of 1.69 for violet light and 1.64 for red light. If the radius «)f curvature 
of the curved surface of the lens is 20 cm., what is the difference in fo<*al 
length of the lens for these two colors? 

16. A convex and a concave lens are placed 16 cm. from each other. 
Where will this combination of lenses produce an image of a distant object, 
if the convex lens has a focal length of 20 em. and the concave lens a focal 
length of 5 cm. ? 

17. The index of refraction of a glass lens is 1.65. Its radii of curvature 
are 12 and 25 cm., respectively. Where will it produce an imagi* of an 
object which is 28 cm. in front of it? 
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Also the triangles EOF and CDF are similar. 


and 


Dividing by v, 


EO _ OF f 
CD FC V -f 
EO - AB. 

m _OF _ j 

CD CD FC V ~~ I 


CD OC V 
f ^ 2^. 

V -f V 

V —f _ _y 



1^ 

u 


1 = i + i. 

f U V 


In the case of a divergent lens (Fig. 614). 

AB __ 'll 
CD ~ 7 
EO ^ f 
CD f-v 
EO = AB. 

Y = f 

V f — V 
f — V _ V 

f ~ TJ'' 


1 _ 1 ^ 1 

V I u 

1 _ 1 ^ _1 

U V f 



Example. — double-convex lens is made of glass having an index of 
refraction of %. The front surface has a radius of curvature 10 cm., and 
the back surface has a radius of curvature of 20 cm. Find its focal length 
See Appendix for the formula. 


■‘)(A+A) 

=Ki)=i- 



/ = 


40 


13.3 cm. 
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617. Combination of Two Thin Lenses. — ^Let two lenses A and be at a 
distance d apart; let fi and /2 denote the focal lengths, i£i and Vi the object 



Fig. 614. — Relation between object distance and image distance for a diverging 

lens. 


distance and the image distance for one lens, and a 2 and t ’2 the object dis- 
tance and the image distance for the other lens. Then. 


and 



1 

fi 


where uo = d -- Vi. 

To find the image distance of the combination of these two lenses, suppose 
that parallellight is incident on the lens A. Then = « and I’l =/i, and 

Ui - d — fu 


A 



Fig. 615. — A telephoto lens. The effective focal length is increased by the 
addition of a concave lens. 


Hence, 


1 

V 2 

V2 


^ ■ + A 
d-fiV2 

~ fi d -fi 

— ~ /i) 

~~ d-fl-f2 


1 

"h 

d -fi -h 
' Md-fi) 


In this case V 2 is the image distance for parallel light falling on the system 
of lenses. This distance is measured from the optical center of the lens B. 
In case the lenses are in contact, d = 0 and V 2 — the focal length of the 
combination of lenses and 


/1/2 
fi H-/2 



CHAPTER LIV 


OPTICAL INSTRUMENTS 

619. The Photographic Camera.— The simplest appKcation of 
lenses for optical purposes is in an ordinary photographic camera 
(Fig. 616). A lens or combination of lenses in one end of the 
camera produces a real image of an external object on the photo- 
graphic plate or film at the other end of the camera. The dis- 
tance between the lens and the photographic plate or film can be' 
altered so as to focus the image on the plate. Sometimes the 
photograpMc plate is replaced by a ground-glass screen on which 
the image is cast and then the lens is moved into such a position 
that the image is sharply focused on the ground glass. The plate 
or fdm is then substituted for the ground-glass plate. The 
o 

/' 

/ 

L G 


Pig. 616. — Photographic camera. 

bellows B serves to exclude all the light except that which comes 
from the object. It also makes possible the to-and-fro motion 
of the lens necessary in the focusing. 

To avoid spherical aberration, that is, the distortion of the 
image because all the rays do not come to the same focus, and 
to limit the quantity of light, a diaphragm is placed in front of 
the lens. This diaphragm restricts the rays to those which pass 
through the central portion of the lens. The smaUer the diam- 
eter of the hole in the diaphragm, the better is the definition 
of the irnage. On the other hand, the smaUer this opening, the 
less the intensity of the light forming the image on the plate. 
Where it is desired to have the image as bright as possible, the 
choice of the size of the opening in the diaphragm becomes a 
compromise between diminished brightness on the one hand and 
definition on the other hand. 
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A photographic plate consists of a silver compound spread on a glass 
plate or celluloid film. The image formed by the lens acts on this sensitive 
film, but the image is not visible until the plate or film is placed in a mixture 
of chemicals, known as the “developer.” 

Example. — The focal length of the lens in a camera is 20 cm. How far 
back must the plate be placed to take an object which is 10 m. away? If 
the object is 1 m. high, how high is the image? 


Magnification = 


u V 


/ = 20 cm. 

— 10 m. 

1,000 ^ V 20 

_ 20,000 


980 

length of image 
length of object 
Length of image 


20.4 cm. 


u 


1,000 


= 0.0204. 


100 


= 0.0204. 


Length of image = 2.04 cm. 


620. The Relative Aperture of a Lens. — The diameter of a lens divided 
by its focal length is known as the relative aperture of the lens. For 
example, if a lens has a diameter of 2 cm. and a focal length of 10 cm. its 
relative aperture is = 0.2. If another lens has a diameter of 2 cm. and 
a focal length of 20 cm., it has a relative aperture of ?20 =0.1. If these 
lenses are used to form images of the same object, the lens which has a 
relative aperture of 0.1 produces an image -which has four times the area 
of the image produced by the lens -which has a relative aperture of 0.2. The 
intensity of the image in the latter case is four times that in the former case. 
If the lens with the larger relative aperture is used in a camera, the time of 
exposure for the same object is only one-fourth as great as -with the lens with 
the smaller relative aperture. 

If the ratio of the diameter of the lens to its focal length is the relative 
aperture of the lens is //5, where / is the focal length of the lens, Le., the 
diameter of the lens is equal to one-fifth of its focal length. A camera lens 
with a relative aperture of //3 collects four times as much light as a camera 
lens with a relative aperture of //6 and it is therefore four times as fast for 
taking pictures. 


621. Projection Lantern. — The projection lantern, which is 
used to throw an image of a brilliantly illuminated object on a 
screen, consists of a powerful source of light S (Fig. 617), a large 
condensing lens NPj and a front or objective lens LM, The 
condensing lens NP collects the light from the source S and sends 
it through the slide 01 so that this slide is brilliantly illuminated. 
The objective LM then produces a real image of the slide 01 
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on the screen XY. Since the slide 01 is just outside the principal 
focus of the lens LM, the image on the screen is enlarged. Thi- 
iinage is also real and inverted. The magnification produced 
l)y the lantern is obtained from an application of the law for the 
magnification of a lens. 

Let u = the distance of the slide from the lens LM. 

V — the distance between the screen XY and the lens LM. 

^Magnification = 


If the distance from the slide to the screen and the magnifica- 
tion to be produced by the lantern are given, it is possible to 
find the focal length of the lens LM Avhich must be used to produce 



Image' 

Fig. 617. — Projection lantern. It produces real, inverted, and magnifiwl 

images. 


an image on the screen. It is only necessary to apply the lens 
equation, . 


together with the fact that the distance from the slide to the 
screen is u + v. 


Example. — Find the focal length of a lens which must be used in a lantern 
to produce the image of a slide 8 cm. square upon a screen 3 m. square at 
a distance of 10 m. from the lantern. Assume that the image occupies the 
entire screen. 

AT *4:; ^ 

Magnification = — = — * 


Since v = 1,000 cm. nearly, 

V ^ 1,000 

u u 


300 
8 

u It 


and u = 26.6. 

^ 1 

/ 


26.6 ^ 1,000 /• 


/ = 25.9 cm. ■ 
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622. Simple Microscope.— When an object i.s placeil .sliglitly 
nearer to a converging len.-^ than its focus, an eye brought up to 
the len.s sees a virtual, erect, and magnified imagf* A’B’ iFig. tilSi. 
A lens used in this waj' eon.stitute.s a simple microscoi)e. In 
order to obtain the greatest advantage, the eye .should bo a,> 
near as possible to the lens. In thi.s way, the field of view i> 
made as large as possible and the distance of the virtual image 
A'B' from the eye for distinct vision is made as large as 
pos.sible. 

In order to find the magnification of a lens used in this way, it is 
necessary to comsider that the apparent size of an object is deter- 
mined by the angle which it subtends at the eye. Now for most 


A' 



Fig. 61S. — Simple mifroseope. It produces virtual, magnified, and upright 

images. 


distinct vision, an object must be about 10 in. from a normal eye. 
If an object is placed at a greater distance than this, the image on 
the retina is smaller and its details are not seen so distinctly. 
When the object is placed nearer than 10 in., the image on the 
retina is blurred. When an object is examined with the aid of a 
magnifying glass, the object is brought nearer to the eye than 
would be possible for distinct vision without the magnifying 
glass. In Fig. 618 the angles subtended at the center of the lens 
l)y the object *4j5 and the image A'B^ are the same. But OD 
the distance of distinct vision, and, if the lens w’ere absent, the 
eye could not see AB distinctly until it was removed to ab. 
Hence, by using the lens, the visual angle has been increased from 
a to i3, and consequently the magnification is 

A'B' V 
AB 
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For most distinct idsion, y = 25 cm. 

A'B' ^ 
u 


Since v == 


AB 

-25 and - + - = \> 

U V f 


1 = 1 + 1 . 

u / ^ 25 


u 




Hence, 


A'B' _ . , ^ 
AB ' 


Example.— Find the greatest magnification that can be produced by a 
converging lens of focal length 2.5 cm. 


A'B^ 

Magnification = 


w ^ / ^2.5 


11 . 


623. Compound Microscope. — In order to obtain very great 
magnification, a compound microscope is used. It consists 



Fig. 619. — Diagram oE compound microscope. 


of a converging lens LM of short focal length (Fig. 619). This 
lens produces a real and magnified image of a small object placed 
just outside of its focus. This lens is called the objective. The 
image A'B' produced by it is viewed through the eyepiece L'M', 
which acts like a simple magnifying glass. The eyepiece pro- 
duces an enlarged and virtual image A^'B'^ of the real image 
A'jB'. The real image A'B' of the object AB falls just inside 
the focus of the eyepiece. The lens L'M' then acts on this real 
and inverted image, to magnify it still further. 

The magnification of a compound microscope depends on the 
focal length of both the objective and eyepiece. If the objective 
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a focal length of 5 mm., the real image may be at a distance 
of 20 cm. from the objective. Since the object is near the focus 
of the objective, the object distance may be taken as nearly 
equal to 5 mm. The magnification produced by this lens is then 


If now the eyepiece has a focal length of 2.5 cm., it will magnify 
the real image A'B' into the image 
in accordance with the 

relation 

A'B' ^ f ^2.5 
A'B' = 40 X AB. 
r’B" = 40 X AB X 11 = 440.4B. 


The approximate magnification 
may be written down as follows: 

Let L = the length of the micro- 
scope tube. 

F == the focal length of the 
objective. 

/ = the focal length of the 
eyepiece. 

A'B' ^ OB' 

AB OB^ 



Fig. 620. — Compound micro- 
scope. {Courtesy Bausch and Lomb 
Optical Company.) 


Since the object is nearly at the principal focus of the objective 
LM and the focal length of the eyepiece is small in comparison 
with the length of the microscope tube, 


ox 

The magnifying power of the eyepiece is 

A''B" . ^ 

A'B' ■ 
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Aluitiplying these equations together, we have as the magnify, 
iiig power of both lenses. 


A"B" _ L( 

rir "A // 


25 XL 
FXf 


approx. 


Example. — The focal length of the objective of a microscope is 0.5 cm., 
the distance between the objective and the eyepiece is 20 cm., and the focai 
length of the eyepiece is 1 cm. Find the magnification of the microscope. 

Magnification = + y) ^ ^ ^ 


624. Astronomical Telescope. — The principle of the astronom- 
ical telescope is the same as that of the compound microscopt*. 
The objective lens LM is modified to meet the fact that the 
instrument is used to view distant objects instead of nearby 
objects. This objective, which is a converging lens of long focal 
length, forms a real, inverted image A'B' of a distant object AB. 
T his real image is formed ju.st inside the focus of the eyepiece 
NP by which it is viewed. By means of this eyepiece an enlargal 
\drtual image of the real image A'B' is produced at A"B". 

On account of the great distance of the object from the tele- 
scope, the rays from any point of it are essentially parallel when 
they reach the obj ective. Hence the image formed by the objec- 
tive lies just outside the principal focus of the objective. 

The magnification of the telescope is determined by the angle 
which the object subtends or appears to subtend at the eye 
(Fig. 621). The angle which the object AB subtends at the eye 
when no lenses are present is ZAOB = ZB'OA'. The angle 
which the image A"B" subtends at the eye is IB"RA" = 
ZA'RB'. 

. ZA'RB' A'B'/RD _ OD 
Magnification - " A'B' /OD RD 

__ focal length of objective 
” focal length of eyepiece 

= I 
~ f 

Hence, the magnification of an astronomical telescope is found 
approximately by dmding the focal length of the objective by 
the focal length of the eyepiece. The image formed by such a 
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telescope is always inverted. For terrestrial uses of the telescojx', 
it is desirable that the image be erect. This condition i.s realized 
by inserting a third convex lens between the objective and the 



DisfanfShr-- 


eyepiece in such a way that the image A'B' formed by the objec- 
tive is again inverted before it is \dewed by the eyepiece. 

Example. — The focal length of the objective of a telescope is 150 vm. and 
the focal length of the eyepiece is 2 cm. Find the magnifying power of the 
telescope for distant objects. 

... focal length of objective 

focal length of eyepiece 
loO ^ 

= = 75. Plant Mirror ! j 6ye^eoe 

^ U ! \k 

In large telescopes used in the great 
astronomical observatories the object lens 
is replaced by a large concave nxirror. 

The arrangement of this mirror and the 
eyepiece is evident from Fig. 622. The 
mirror in use at the Mount Wilson Ob- 
servatory has a diameter of 100 in. 

626. Opera or Field Glasses. — The 
opera glass like the telescope consists of 
an objective LM which converges the rays 
toward a point S (Fig. 623), but before 
they reach this point they pass through 
the diverging lens NP which replaces the eyepiece of the tele- 
scope. In passing through this diverging lens, the rays whicii 
were converging on entering it are made to diverge on leaving it . 
To an eye on the right-hand side of the lens XP (Fig. 623) the 
rays seem to have come from a point A' behind the concave lens 
NP which thus forms the virtual and erect image A'B' of the 


!/ \ 

Concavs Mirrcr 




[< IQO inches sd 

Fig. 022. — Refleetiiis 
telescope used in astro- 
nomical observatories. 
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object from which light was received. Unlike the astronomical 
telescope, the opera glass gives an erect image. 

To have the opera glass in focus, the lens NP must be so placed 
with respect to the objective that the rays emerging from the 
lens NP are nearly parallel. The magnification is 


Magnification 


focml length^ objective 
focal length of eyepiece 


626. Prism Binoculars. — Field glasses of higher magnifying 
power and larger field of view are made of the optical parts 





represented in Fig. 624. The beam of light OB from the objec- 
tive is reflected internally at B and C by a right-angled prism. 
In this way, its direction is reversed and it travels back to a 
second right-angled prism which is placed at right angles to the 



first one. Here it is again twice reflected internally, at D and 
and then passes through the eyepiece. The reflections at B 
and C interchange the two sides of the image so that it is no 
longer perverted like the image in an ordinary plane mirror. 
Eefiection by the second prism at D and E makes the image 
pright. Hence, the image formed by the object after the reflec- 
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tions by the two right-angled prisms is restored completely to its 
natural position. The eyepiece then magnifies this image with- 
out inversion. Objects viewed with such an opera glass thus 
appear in their natural position. 

Because the ray passes back and forth three times between 
the focus, the focal length of the objective can be increased, 
and the magnifpng power of the instrument is correspondingly 
increased. 

627. Sextant. The sextant is an instrument for measuring the altitude 
of heavenly bodies. It consists of a fixed mirror D (Fig. 625) which is 
silvered only on one-half of its surface so that an observer looking through 
the telescope T can see the horizon by 
means of light traveling in the direction 
CDT and passing through the unsilvered 
part of the mirror at D. The second 
mirror E is mounted on an arm which ^ 
rotates about E as an axis. It carries 
a vernier at F by means of which its 
position can be read on the graduated 
circular scale. Light from a distant ^ 
object, after reflection at Ej is again 
reflected from the silvered part of D and 
passes into the telescope T. The 
observing through the telescope thus 
receives light simultaneously from two 
sources, that which has come in the 625. — Sextant for measuring 

direction CDT and that which has come bodies above 

in the direction AEDT. When the 

mirrors E and D are parallel to each other, the vernier reads zero and the 
two sources of light lie in the same straight line. 

To find the position of a star, the mirror E is rotated by means of the arm 
on which it is moimted until the light from the star after reflection at and 
D passes down the axis of the telescope T forming an image of the star which 
seems to rest on the horizon. At the same time, light is received in the 
telescope along the line CDT. This light comes from a reflecting surface 
which serves as an artificial horizon. By observing the angle through which 
it was necessary to rotate the mirror E from the position in which it w’as 
parallel to the mirror D to the position at w^hich it reflects light from the star 
down the axis of the telescope while the axis of the telescope points in the 
direction of the horizon, the angle of elevation of the star above the horizon 
is at once obtained. The angle through w^hich the mirror E is rotated is 
one-half the angle of elevation of the star above the horizon. The scale of 
the instrument can be so numbered that it reads the elevation of the star 
directly. To accomplish this, each degree of rotation of the arm is marked 
on the fixed scale as 2 deg. of rotation. 
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628. The Ultra-microscope. — The smallest distance between two poiatb 
which can just be seen to be separated under an ordinary microscoDe 
depends upon the diffraction of light by these two points. The value of t]^ 
smallest distance e is 

X 

^ 2a 


'where X = the wave length of the light used. 

a — the numerical aperture of the microscope. 

= index of refraction X sine of angle of aperture. 


It is not easy to increase the numerical aperture of the microscope over 
that in use in microscopes at the present time. By decreasing the wave 
length of the light, the distance between the two points 'which can just be 
seen as separated can be decreased. By using ultra-violet radiations and 
making observations by photographic methods, the minuteness of detail 
that can be realized by the microscope can be still further increased. There 


A 



Y'Microscope 



^Slff 


/Lens 


Fig. 626. — Diagrammatic representation of an ultra-microscope. 

is even here a limit to the smallness of the objects, the presence of which can 
be revealed by a microscope. 

Tyndall showed that small particles can be seen by passing a beam of 
light through a solution in which these particles are in suspension. These 
particles scatter the hght in aU directions, and by viewing them at right 
angles to the direction of the light the individual particles become visible. 
An optical apparatus which makes use of this principle is called an ultra- 
microscope. Figure 626 shows the essential parts of such an instrument. 

A beam of hght from the arc lamp is focused by means of the lens 0i 
on a narrow horizontal sht S. A reduced image of the slit is formed by 
means of a second convex lens O 2 at the point Fi, Then a narrow conical 
beam of light is formed at F 2 by means of a convex lens Mi of short focal 
length. If now colloidal gold particles are placed at Fo, the hght scattered 
by the particles can be seen with the aid of the microscope M 2 whose optical 
axis is at right angles to the axis of the illuminating beam. What one 
observes is not the individual particles but diffraction disks formed by the 
hght scattered from them. The general background is dark so that these 
bright spots of hght can be seen on it. 

629. Optical Pyrometer. — The intensity of the radiation emitted by an 
incandescent body varies rapidly with the temperature. For example, a 
small change in the voltage across the terminals of an incandescent lamp 
^produces a relatively large change in the brightness of the filament. This 
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fact is often made use of in measuring high temperatures. The advantage 
of this method lies in the fact that it is not necessarj^ to heat any part of the 
measuring apparatus to the temperature of the body being studied. Such 
an instrument is called an optical pyrometer. 



Fig. 627. — Diagrammatic representation of an optical pyrometer. 


One of the most convenient forms of optical pyrometer is represented in 
Fig. 627. It consists of a telescope T with a small 6-volt lamp L mounted 
in the focal plane of its eyepiece. This lamp is heated to incandescence by 
means of an electric current from the battery B. When the telescope is 


focused on the furnace and the filament is 
lighted, the observer sees a uniform field of 
illumination with the bright image of the 
lamp extending across it. If the filament is 
hotter than the furnace, it appears as a bright 
line on a darker backgroimd. If, on the 
other hand, the filament is colder than the 
furnace, it appears as a darker line. When 
the filament and furnace are at the same 
temperature, it is not possible to see the 
image of the filament. By adjusting the 



current through the filament by means of 
the regulating rheostat, the image of the 
filament in the field of the eyepiece can be 
made to disappear. The current in the 
filament when the filament is no longer visi- 
ble is measured by means of the ammeter A. 
This current then gives a measure of the 
temperature of the furnace. In order to 
know the temperature of the furnace in 
degrees centigrade, the pyrometer must be 
calibrated by measuring a number of known 
temperatures and the current in the ammeter 



Fig. 628. — A submarine peri- 
scope. 


corresponding to each of these temperatures. A curve is then plotted con- 


necting these temperatures with the corresponding currents. From this 


curve an unknown temperature can be found as soon as the current in the 


filament at which the filament is no longer visible is determined. 
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630. Periscope. — In the periscope (Fig. 628), the rays from the objects 
which are being observ’-ed fall on a 45-deg. prism Pi and are reflected down- 
ward and then brought to a focus by the lens E. The image thus produced 
is situated at the principal focus of the lens 0 so that the rays of light which 
emerge from 0 are parallel to each other and nearly parallel to the axis of the 
tube. After passing through the lens O' and being reflected by the prism ?« 
these rays are again brought to a focus at a"h". This image is then magnj! 
fled by means of the lens E' which forms a virtual image of the object at ab 

631. Anatomy of the Eye. — The eyeball is a hollow sphere of dense fibrous 
tissue (Fig. 629). In front there is a window, also formed of fibrous tissue 
but so modified as to be transparent. Its radius of curx^ature is much less 
than that of the remainder of the eyeball. Inside the ej’-eball is a second 
layer, consisting of the vascular portion of the eye. It is loaded with pig- 
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Fig. 629. — Anatomy of the human eye. 


ment which performs the function of the black lining of optical instruments 
and prevents the reflection of light in the interior of the eye. The iris in 
the human eye contains a circular aperture called the pupil. It is provided 
with muscular fibers which diminish or dilate the pupil, thus regulating the 
amount of light which enters the eye. At the back of the eyeball the fibers 
of the optic nerve spread out to form the retina, which is a sensitive screen 
on which the images of external objects are brought to a focus. It cor- 
responds to the photographic plate in a camera. Just behind the iris is the 
crystalline lens. It is a double-convex lens and with its attachments 
separates the eyeball into an anterior chamber filled with a clear fluid called 
the aqueous humor and a posterior chamber containing a rather more jelly- 
like substance known as the vitreous humor. The anterior chamber is 
divided into two compartments by the iris. Between these compartments, 
however, there is free communication through the pupil. 

632. The Eye. — ^Like the camera, the eye can be looked upon 
as a light-tight enclosure having a lens at one end and a sensitive 
film made of nerve fibers at the other end. The lens produces 
on this sensitive screen a real and inverted image of external 
objects. The eye is provided with means of adjustment by which 
it is possible for it to produce distinct images in the proper post- 
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tion for distinct \'ision. With a fixed-lens system, only objects 
at a definite distance from the eye could be sharply focused on 
the retina. For any other distance the image would be blurred. 
In the camera and projection lantern, the nece.ssarj' focusing is 
done by mo\ing the lens forward or backward. In the eye, 
instead of altering the position of the lens, the lens has been 
pronded with muscles by which its convexity can be changed in 
such a way that the desired focus is obtained In this way, the 



Fig. 630. — Normal eye. The image is focused on the retina. 


eye adapts itself to different conditions not by varying the posi- 
tion of the lens vdth respect to the retina but by changing the 
focal length of the lens. When the eye receives light from near-by 
objects, the muscles contract in such a way as to make the lens 
more convex. When distant objects are \dewed, the muscles 
relax, making the crystalline lens less convex and thus allowing 
the image to fall on the retina as before. This adjustment of the 
effective focal length of the lens to form a focus is called the 
accommodation of the eye. 



Fig. 631. — Near-sighted eye. The image is focused in front of the retina. 

633. Defects of Vision. — The lens of an eye may have too 
short a focal length, or the eyeball may be too long so that the 
image formed by the lens falls in fyont of the retina. Such a 
condition is represented in Fig. 631. The eye in this case, con- 
verges the light too rapidly so that the image is formed too soon. 
Bringing the object closer to the eye causes the image to move 
back toward the retina and thus it may be made to fall in its 
proper place. In this way, near-sighted persons find it possible 
to see distinctly. To correct for this defect, a concave lens 
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(Fig. 632) is placed in front of the eye. By choosing a concave 
lens of suitable focal length, the image is made to fall on the 
retina when the object is at the normal distance from the eye. 



A 

hObjecf 


Fig. 632 . — Correction for near-sighted eye. Use a concave lens which makes the 
image fall on the retina. 


In the far-sighted eye the image from an object at a normal 
distance from the eye (Fig. 633) is formed behind the retina, 
because the crystalline lens is too flat or the eyeball is too short. 
As the object is moved farther away, the image moves nearer to 



Fig. 633. — Far-sighted eye. The image is focused behind the retina. 

the retina and may be made to fall on it. Hence, distant objects 
can be seen when near-by objects are indistinct. In order to 
correct for this defect, a convex lens (Fig. 634) is placed in front 
of the eye. It makes the equivalent focal length of the eye 



Fig. 634. — Correction for far-sighted eye. Use a convex lens which makes the 
image fall on the retina. 

shorter and thus hastens the formation of the image. By choos- 
ing a lens of suitable convexity, the image can be brought on the 
retina of the eye for objects at a normal distance from the eye. 

The distance at which the normal eye sees most distinctly is 
called the distance of distinct vision. This distance is about 
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25 cm. For greater or smaller distances an attempt to see fine 
detail causes an excessive strain on the eye. 

Example. — A far-sighted person can see objects distinctly at a distance of 
30 in. Find the focal length of glasses to be used in order that the same 
person may read print at a distance of 10 in. 

Let / = the focal length of the lens in the eye. 
u — the object distance. 

V = the image distance. 

F ~ the focal length of the spectacle lens. 

F' = the equivalent focal length of the lens of the eye and the spectacle 
lens. 


Then 


1 i+i 

f 30 ^ f 


With the spectacle lens before the eye 


1 _ 1 
F' 10 



The equivalent focal length of the lens in the eye and the spectacle lens is 


F' F 
and 

]_ 1 _ 

F' ' F' 

Eliminating * 

1 1 A A == 1 

F' 'f 30 15 F‘ 

F ■■ 15 in. 

634. Astigmatism. — Another common defect of the eye is 
knoTO as astigmatism. This defect occurs when the lens of the 
eye does not have a truly spherical surface. In such a case the 
curvature of the crystalline lens is not the same in different 
planes through the axis of the eye. The focal length of the lens 
\^ill not be the same in different planes. Rays of light from a 
vertical luminous wire ^dll not have the same focus in the eye 
as rays from a horizontal luminous wire. If light from a luminous 
area is received by the eye, there will be an attempt to adjust 
the eye so that the light from all parts of the object will form a 
sharp image. With such an eye it is not possible to make such 
an adjustment because the lens has different focal lengths for 
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light in different planes. Consequently, the image formed ^111 
be indistinct, and the eye ■will be strained in forming this image 
This defect is overcome by using lenses which have cylindrica! 
surfaces. If these lenses are properly placed with respect to 



Fig, 635. — Chart viewed by normal Fig. 636. — Chart viewed by astigmatic 
eye, eye. 


the eye, they combine with the lens in the eye to make a nearly 
normal lens. 

636 . Convergence and Divergence. — When the eyes are focused on near 
objects, there is a movement of the eyeballs causing 
the visual axes to converge from the normal parallel 
position toward the middle line (Fig. 637). Such a 
movement is necessary in order that the images in 
both eyes may fall on the correct position in the retina, 
the spot of distinct vision. The amount of con- 
vergence varies inversely as the distance of the object. 
In normal circumstances the visual axes never divei^e, 
for they are in parallel adjustment - for objects at 
infinity. Divergence can be brought about by inter- 
posing prisms in front of the eyes to render the rays of 
light divergent. For distinct vision there then results 
a corresponding divergence of the visual axes. 

636 . Visual Judgments. — Because of the distance 
between the eyes, objects are viewed from slightly 
different angles from each eye. This fact is easily 
Fig. 637. — Conyer- demonstrated by looking at an object first with one 

gence of the optical ^ witbi the other. The result is easily 

axes of the eyes. • • i i . . , . 

evident when two objects nearly in ahgnment are 

observed. Each retina receives a slightly different picture; and, because 
of this fact, it becomes possible to judge distances and solidity. Objects 
§een with only one eye have a very flat appearance. 
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The combination of two slightly different pictures to form an apparently 
solid object is illustrated in the stereoscope. This instrument consists of 
two prisms or half lenses, placed with the thin edges inward about as far 
apart as the eyes. Two slightly dissimilar pictures Pi and P-. Fig. 
are fixed so that one is in front of each lens or 
prism. A screen S separates these pictures. 

When the two pictures are \dewed through the 
instrument there seems to be a single picture 
at F. It stands out in pronounced relief in 
marked contrast to the flatness of the separate 
pictures Pi and P 2 . 

637 . Binocular Vision. — When an observer 
looks at an object, his two eyes receive light 
from the same point on the object. Experience 
in judging the angle which the two rays form 
with each other makes it possible to infer the 
distance of the object from the observer. A 
person with only one eye has difficulty in 
estimating distances. Simultaneous observa- 
tions with both eyes make it possible to see 
objects in relief so that they appear in three 
dimensions instead of in two dimensions. In 
such cases, one eye receives a view of an object 
which is slightly different from that received 
by the other eye. The impressions due to these two views are combined in 
such a way as to make the object appear in relief. 

638 . Sensitivity of the Human Eye. — For eqiud amounts of energy a 
yellow-green light of wave length X = O.ofipt appears the brightest to the 
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Fig. G3S.~The stereo- 
scope. Almost identical pic- 
tures viewed at slightly 
different angles make the 
picture stand out in relief. 



0.4 0.5 0.6 0.7 

Wavelengths,/^ 

Fig. 639. — Visibility of radiations of different intensities. The maximum visi- 
bility depends on the intensity of the light. 


normal light-adapted eye. Wlien the light is made fainter, the region of 
maximum sensitivity shifts toward the green and then to the blue. The 
dark-adapted e\’'e can see green or blue better than yellow. For this reason, 
weak lights appear more green or blue than stronger lights of the same 
energy distribution. This shift in the sensitivity of the eye occurs for 
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intensities of light which are not less than 0.5 m.-candle or more than 
50 m.-candles. Below 0.5 m.-candle and above 50 m.-candles the sensitivity 
of the eye changes but little with the change in the intensity of the light 
This variation of the sensitivity of the ej-e for lights of different intensities is 
represented in Fig. 639. 

639. Absorption of Ultra-violet Radiation by the Eye. — Since the eye is 
sensitive to only a small portion of the radiation from a source of light the 
question arises as to whether the limits of vision are determined by the wave 
lengths that are able to affect the retina, or whether the fluids and tissues 
of the eye actually do not transmit these certain wave lengths. Good vision 
requires radiation between 0.41 and 0.75/i. If the source of light is suffi- 
ciently intense, radiation as far out as wave length about 0.32^i in the ultra- 
violet, or IjLt in the infra-red, may be seen. It has been found that the 
combined tissues of the eye absorb the radiations in the ultra-violet when 
the wave length is shorter than about O.Slju. Absorption is greatest in the 
crystalline lens and least in the vitreous humor. Any injury which tends to 

increase the content of salt in the 
eye also increases the absorption in 
the ultra-violet. The absorption of 
ultra-violet radiations by the eyes of 
animals does not materially differ 
from their absorption in the human 
eye. The limit of vision in the ultra- 
violet thus seems to be determined 
by the absorption of the ultra-violet 
radiations by the tissues of the eye. 

640. Electrical Response of the 
Retina. — If one terminal of a galva- 
nometer is connected through a non-polarizable electrode to the optic nerve 
and the other terminal through a similar electrode to the cornea of an 
excised eyeball, a steady cu'rrent due to the injury of the nerve and tissues 
flows from the cornea through the galvanometer back to the optic nerve. 
This current is called the current of injury. If light is now allowed to fall 
on the retina of this eyeball, this current shows an increase both when the 
stimulation begins and when it ends. The character of these changes is 
represented diagrammatically in Fig. 640 where the current through the 
galvanometer is plotted on the vertical axis and the- time on the horizontal 
axis. It is seen from this curve that when the light first falls on the retina 
there is a quick decrease in the current of injury followed by a rapid increase 
to a maximum with a subsequent decrease. When the light is shut off, 
there is a second sudden rise to a maximum, followed by a decrease to the 
normal current of injury. • 

It is seen from these observations that nerve impulses in the rods and 
cones of the retina and in the optic nerve are accompanied by electrical 
changes which can be measured by suitable electrical apparatus. These 
electrical changes are undoubtedly inseparable from the functional response 
of the conducting tissues, and a knowledge of these electrical variations gives 
some information with respect to the nerve impulses which go to the brain. 
It may be that after all vision is an electrical phenomenon. 



Fig. 640. — Current in the optic 
nerve caused by illumination of the 
retina of the eye. 
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Problems 

1. The lens of an aerial camera has a focus of 9 in. What will hv ih^* 
dimensions on the plate of 1 sq. mile of the earth s surface, photographed 
from a height of 3 miles? 

2. A camera \\ith a lens of 6-in. focal lens is used to take a picuire of au 
object 12 ft. away. How far from the eye must the picture he held so tliat 
the image will subtend the same angle at the eye as the object siil>ten<led at 
the lens of the camera? 

3. A camera is pro\dded \\dth interchangeable lenses, one of S-in. focu- 
and the other of 20-in. focus. Find the size of the image of a man ti ft. tail 
20 yd. from the camera, with each of the lenses. 

4 . A certain subject can be photographed with an exposure of ^05 set*. 
at/-ll. What would be the proper time of exposure with a lens working at 
/-7.7? (Note: The /-number is the ratio between the focal lengtli and the 
diameter of the lens.) 

6. A proieetion lantern is to be placed at a distance of 15 ft. from a screen 
on which an image with a height of 4 ft. is desired, of a slide 3 in. high. 
What should be the focal length of the projecting lens? 

6. A projection lantern is desired which will throw an image 6 ft. wide 
on a wall 30 ft. distant, of a slide 3 in. wide. What must be the fo(*al length 
of the projecting lens selected? 

7 . A convergent lens used as a reading glass has a focal length of 5 cm. 
What is the magnifying power of the lens, if it is used so as to have the 
image at a distance of 25 cm. from the eye, and the lens right at the eye? 

8 . A simple microscope, with a focal length of 6 cm. and a diameter of 
0.8 cm. is placed 1 cm. from the eye, and a scale with millimeter divisions is 
placed so that its image is 50 cm. from the lens. How many of the milli- 
meter divisions can be seen without moving the eye? 

9 . A compound microscope has an objective lens of focal length 4 mm., 
which forms an image 20 cm. from the lens. The eyepiece produces a 
magnification of 10. What is the total magnification? 

10 . The objective lens of an astronomical telescope has a focal length of 
8 ft., and an eyepiece with a focal length of 1.5 in. Calculate the magnifi- 
cation obtained when the telescope is used for viewing distant objects. 

11 . The closest distance of distinct vision for a certain eye is 2 m. What 
kind of lens will permit this eye to see clearly an object which is 40 cm. from 
the eye? State the power of the lens in diopters. 

12. The lens of a camera has focal length of 8 in. It is used to photograph 
an object which is 20 ft. away from it, and then to photograph an object 
which is 120 ft. from it. How much must the plate of the camera be changed 
to secure a focus in the two cases. 

13 . If a camera with a focal length of 6 in. produces a sharp image of a 
distant object, how far must the lens be moved to have the camera in focus 
for an object which is 8 ft. away? 

14 . When a camera was used to make a picture of an object 9 ft. away, the 
lens was 43^ in. from the film. What should be the focal length of a lens 
to be placed immediately in front of the objective lens of the camera so that 
an object 23^ ft. away from the camera can be photographed without 
changing the position of the film with respect to the lens? 



CHAPTER LV 


SPECTRA AND COLOR 

641. Separation of Light by a Prism. — When a beam of light 
passes through a prism, it is bent through a certain angle from 
the direction in which it was originally traveling. This bending 
arises out of the fact that the velocity of the light in air is not 
the same as it is in the material out of which the prism is made. 
If white light, which is composed of a number of colors, passes 
through a prism, each color vdll be bent by the prism. Now it 
happens that lights of different colors do not travel with the same 



Fig, 641. — Dispersion of light by a prism. Red is deviated less than \iolet. 


velocity in the glass. Hence, these different colors will be bent 
different amounts on entering and leading the prism; and, 
although all of the colors come to the prism in the same direction, 
they will leave it in different directions because of the unequal 
bending which they suffer. White light in passing through a 
prism (Fig. 641) is thus spread out into a band of colors known as 
a spectrum. The violet light which has the shortest wave length 
is bent most and the red which has the longest wave length is bent 
least. Light with wave lengths between the red and the violet 
occupies intermediate positions in the spectrum. 

642. The Spectrometer. — For the study of spectra a spec- 
troscope or a spectrometer is used. One of the essential parts of 
a spectrometer (Fig. 642) is a collimator which consists of a tube 
with a convex lens B at one end and a slit at the other. This 

606 



SPECTRA AXD COLOR 


607 


slit is located at the principal focus of the lens so that the light 
which emerges from the lens when the slit is illuminated is parallel 
light. There is also a telescope with an eyeiheee L and an objec- 
tive A. This telescope is mounted so that it can rotate about 
the vertical axis of the instrument. The angle through which- 
the telescope is rotated is read on a divided circle. At the center 



Fig. 642. — Diagram of a spectrometer. The collimiitur produces parallel rays. 
The telescope focuses them. 

of this di\Tded circle is placed a prism P which disperses the 
incident light into a spectrum that is observed through the 
telescope. 

643. Achromatic Prism. — ^When light of more than one color 
falls on a prism, the emerging beam is not only deviated but 



Fig. 643. — A spectrometer. ^Courtesy A. Hilger & Co.) 


Spread out into a variety of colors called a spectrum. If a second 
prism is placed in front of the first one with its verte.x to the 
base of the first one, the second prism tends to gather the differ- 
ent colors together again and combine them into white light. 
The net dispersion produced by the two prisms is the difference 
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between the dispersions produced by the mdi\ddual prisms. The 
de\iation produced by the second prism is in the opposite direc- 
tion to that produced by the first prism, and the net de^^ation 
is the difference between the delation produced by the first 
prism and the delation produced by the second prism. In this 
way, it is possible to construct a prism which deviates th'e light 
without spreading it out into a spectrum. Such a prism is called 
an achromatic prism. 

Such prisms are made by combining a prism of crowm glass 
with a prism of flint glass (Fig. 644). The angles of the two 

prisms are so chosen that the 
dispersion produced by the crown 
glass is just equal andoppositeto 
that produced by the flint glass. 
This is possible because in prisms 
of equal angles flint glass pro- 
duces greater dispersion than 
crown glass does. When the 
two prisms are placed as in 
Fig. 644, the net dispersion is zero. On the other hand, the 
deviation produced by the crown glass is greater than that pro- 
duced by the flint glass, so that there is a net deviation without 
any dispersion. All the rays emerge parallel to each other and 
combine to form white light. A consideration of Fig. 645 



Crown^ 
glass 

Flint 
glass 

Fig. 644. — An achromatic prism. 
Dispersion of the prisms the same, but 
de'V’iations different. 



Fig. 645. — Superposition of spectra in an achromatic prism. 


shows how parallel rays after passing through the prisms and 
after being split up into a spectrum superpose to form wMte 
light again. The rays^ however, have all been bent from their 
original direction. 

644. Dispersion without Deviation. — If the angle of the flint- 
glass prism is made larger, the deviation which it produces is 
increased and its dispersion is also increased. When its angle 
is made large enough to make its deviation equal to that produced 
by the crown-glass prism, the dispersion of the flint-glass prism 
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exceeds that produced by the crown-glass prism. Wlieii two 
such prisms are put together the coiiibiiuitiou prtKiuces dis- 
persion without deviation. When white light travel> througii 
such a prisnij it will be split up into a spectrum but its geiKU'al 
direction will be unchanged. 

This principle is made use of in the cuiistnu‘tioii of a direct- 
vision spectroscope. Such a speeTroscup(* iFig. 646 is made up 



Fig. 646. — Direct-vision spectroscope. De\'iatioiiH of the prisms the saim*, !iut 
dispersions different. 


of a number of prisms of crown and flint glass, arranged altt*r- 
nately. The angles of the prisms are so chosen that the deviation 
of the combination is zero, allowing the light to emerge in tht‘ 
direction in which it entered. Since the dispersion of the flint 
glass exceeds the dispersion of the crown glass, the light is .spread 
out into a spectrum. This type of spectroscope is very (*on- 
venient in spectrum analysis. Figure 647 shows one tyi>e of 
direct-vision spectroscope. 

646. Achromatic Lenses. — ^When w^hite light passes through 
an ordinary lens, it is not only refracted and brought to a focus 



Fig. 647. — Direct-\dsion spectroscope. (Courtesy .4. Hilger d' CitA 

as in Fig. 648 but is separated into colors just as by a prism. 
Thus the red rays and the ^dolet rays are bent unequal amounts 
by the lens and will not, therefore, come to the same focus. 
There will be one focus for the red rays, another for the violet 
rays, and a focus for each of the other colors present in the light. 
Since the violet rays are bent more than the red rays, the focus 
for the violet light will be nearer the lens than the focus for the 
red light. Such a lens cannot give a sharp image of an object 
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illuminated by white light. Because of the unequal bending 
of the different colors, the image will not be white but will be 
more or less colored. This defect in a lens is called chromatic 
aberration. 

It may be corrected by combining a convex lens of crown 
glass with a concave lens of flint glass. These lenses are so 
chosen that the power of one to separate the light is just equal 
to the power of the other to recombine it. In this w’ ay, no separa- 
tion of the light into colors occurs. On the other hand, the 
bending or refractive power of one of the lenses exceeds the 



the red rays do. (6) Blue rays are refracted more than the red rays, (c) An 
achromatic lens. All the rays focus nearly at the same point. 


refractive power of the other; thus, there is a resulting bending 
of the rays, in spite of the fact that one of the lenses bends the 
rays in one direction and the other bends them in the opposite 
direction. Of course, the bending power is not so much as it 
would be for a single lens by itself. Such lenses which give bend- 
ing without dispersion are called achromatic lenses. 

646. Continuous Spectra. — When the spectrum of the light 
from an incandescent solid or liquid is examined, it is found to 
contain all colors from red to violet. It shows no regions of 
darkness such as are found in the line spectrum. Spectra from 
the filament of an incandescent lamp or from the electrodes of 
an arc light are spectra of this kind. Such spectra are known as 
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continuous spectra to distinguish them from line spectra. Tiiey 
contain light of every wave length and, therefore, light of evcrj- 
color. Figure 649 gives a complete chart of the electromagnetic 
wave spectra. It extends from the very short eIectromagiieti(‘ 
radiations given off during the tramsformations of radioactive 
substances to the electromagnetic waves of importance in wirele.s.s 


Elecfric or Radio Rays 


Visjbk Ultra- 
Light-, Violet 


wdJl 


^ Length in cm. 




yo 10^ 10^ 10 / JO 10 10 ^ id\ 


rjo' 


Samma 



Meaf/tays X-Rays CosmitRays 

(Lstirrxfted) 

Fig. 649. — Complete electromagnetic spectrum. It extends from very short to 
very long wave lengths. 


telegraphy and telephony. These waves differ only in frequency 
and wave length. They are essentially electromagnetic pulses. 

Kinds of Waves Limit of Wave Lengths 

Waves from oscillatory circuits . . . 10^ km. to 10”® cm. 

Infra-red radiation ' 10”^ to 7 X 10"^ cm. 

Visible spectrum 7 X lO”^ to 4 X lO""^ cm. 

Ultra-violet radiation 4 X 10”® to 10~® cm. 

X-rays 10”® to 10”® cm. 

Gamma rays 10“® to 10”^° cm. 

Cosmic rays 10”^^ to lO”^^ 

647. Ultra-violet and Infra-red Spectra. — Besides the visible 
part of the spectrum which affects the retina of the eye, there are 
wave lengths which are too short and others which are too long 
to affect the eye. The former are known as ultra-violet light and 
the latter as infra-red radiation. The ultra-vdolet is most easily 
detected by its action on a photographic plate. It also produces 
a number of chemical effects. The infra-red or heat rays are 
studied by allowing them to be absorbed and noting the heat 
effects which they produce. 

Since glass readily absorbs infra-red radiations, it is not pos- 
sible to use glass prisms or glass lenses on a spectrometer which is 
used to study the longer wave lengths in the spectrum. In an 
infra-red spectrometer a rock-salt prism is used instead of a 
glass prism, and the lenses are replaced by concave mirrors which 
are silvered on the front surface so that the radiation does not 
penetrate into the mirror but is reflected at its surface. Figures 
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650 and 651 show a constant-de\iation instriunent of this 
The light entering the slit Si is rendered parallel by the mirror 
Ml and then passes through the rock-salt prism to the piam* 



Fig. 650. — Infra-red spectrometer. {Courtesy Gaertrier Scientific Corporation. 



mirror M 2 where it is reflected to the concave mirror M 3 . Thi^ 
second concave mirror reflects the radiation so that it is brought 
to a focus on a linear thermopile which is immediately behind a 
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narrow slit. This slit and the thermopile are eiiclo.sed to prev<-iit 
4ray radiation from reaching the thermopile. I’ln* j)riMn aiul 
plane mirror are mounted on a table which i.< rotat(‘d by a fine 
screw earr^diig a drum on which the wave lengths can be read 
ilirectly. This instrument can be used for wa\e hmgths u{) to 
:ilx)ut 10 m. 

■\\lien the ultra-violet region of the spectrum is studied, the 
lenses and prisms of the spectrometer must 1h' made of cpiartz 
liecause glass ab.sorbs the ultra-violet radiations. A (piartz 



Fig. 652. — Small quartz spectrograph. {CimrtisyGaertner Scit ntific Corintraiion.) 

spectrograph which can be used between 6000 and 2100 A. is 
shown in Fig. 652. 

648. Bright-line Spectra. — If a solution of some salt, like 
sodium chloride, potassium chloride, or lithium chloride, is 
introduced into the non-luminous flame of a Bunsen burner 
the flame emits hght which is characteristic of the salt that 
has been introduced into it. If the light thus emitted is examined 
with a spectroscope, it is found to consist of a number of narrow 
bright lines with 'wave lengths w'hich are characteristic of the 
element which emits them. In the case uf lithium, it is red light. 

When a substance like copper, zinc, or iron is introduced into 
an electric arc, the metal is vaporized and the spectrum of th(‘ 
vapor is emitted. The lines which are characteristic of the 
spectrum of carbon are also present but can be distinguished 
from the spectrum of the element introduced into the are. Figiin^ 



614 


THE ELEMENTS OF PHYSICS 


653 shows the arc and spark spectrum of potassium and Fig 654 
the spark,, arc, and furnace spectra of gadolinium. 
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exactly like that ol any other siihstaneo. With great resoliition. 
each indi\idiial line may split up into a number of lin(‘> so that 
what appears to be a single line in a spe(*tros(*upe of hnv n‘M>lviiig 


Fig. Go 6. — Spectrum of helium. ' 

|K)wer may actually be a number of lines lying very close 
together. Figure 657 shows how a single line of pras(»o<iymium. 
having a wave length 4,578, splits up into six com|X)nents whicli 
are very close together, so close that all six ' 
of them lie in a space of about 0.3 A. ^ m ■ - — 

The analysis and interpretation of these 1 1 

sf>ectra '^ill be considered in Sec. 734. 1 1 

649. Doppler Effect for Spectral Lines. — 1 1 

In Sec. 244At was seen that in the cas(.‘ of II 

sound, when the observer or the source of II 

sound is moving, the apparent frequencies II 

of the sound waves are changed. A similar II 

effect is obserx^ed on the frequencies and II 

wave lengths of light waves. This effect, II 

knowm as the Doppler effect for light waves, IB 

gives a valuable means of determining the II 

motions of distant luminous bodies like 11 

planets or stars. The motions of these 11 

bodies produce shifts in the wave lengths and II 

the frequencies of the spectral lines which are ^ ^ 

being emitted. By measuring the displace- ^ * 

ments of these lines, the speed and direction 0,284 

of motion of the moving planet or star can . .. 4,578 
be determined. Plates III and lY give some . f>57.—Resoiu- 

4.1. • X X* v* ■!_ T_ t ion of a Single Spectral 

01 the interesting results which can be ob- une into its coniiMi- 
tained by this method of analysis. 

650. Spectrum Analysis. — Since each substance has a spectrum 
which depends entirely on the nature of the substance, an exami- 
nation of the light emitted by a substance gives direct evidence 
of the composition of the substance. When the bright-line 
spectrum of a substance is definitely known, it is |X)ssible to 
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conclude that the substance is present whenever its spectrnn^ 
is found. Thus suppose that the spectrum of calcium is known 
and that there is now introduced into the colorless flame of a 
Bunsen burner an unknown salt. If the spectrum of calcium k 
now found in the spectroscope, it follows at once that calci'nn 
was present in the salt. This method is very useful in detecting 
small quantities of a substance. It is a very rapid and a very 
sensitive method. The least trace of sodium in a Bunsen flame 
is suflflcient to give the sodium lines. Because of its great send- 
tivmness this method of analysis has made possible the discovery 
of a number of elements which were present in such small quanti- 
ties that they could not be detected by other methods. Caesium 
rubidium, thallium, indium, and gallium were discovered in thk 
way. 

651. Origin of Light Waves. — In later sections there will h 
found a discussion of the atomic and molecular processes wtoh 
are responsible for the emission of spectral lines. Energy changes 
which produce a bright-line spectrum are due to the rearrange- 
ment of the electrons within the atom so that the positions and 
intensities of these lines are determined in each case by the 
characteristics of the atom. The lines found in band spectra 
are produced by molecular agitation. 

662. Color of Bodies, — ^When a piece of red glass is held in a 
beam of white light so that light passes through the glass, all 
wave lengths are absorbed except those that together produce 
what we call red light. In the same way, a piece of blue gla^, 
placed in the path of a beam of white light, transmits only ihme 
wave lengths in the spectrum which are characteristic of blue or 
violet light, the remainder being absorbed. If both pieces of glass 
are inserted in the beam of white light at the same time, the entire 
spectrum may be almost completely absorbed, the red gla^ 
absorbing all the wave lengths except those in the red end of 
the spectrum and the blue glass all the wmve lengths except 
those in the blue end of the spectrum. The color of a body is 
determined by the wave lengths of the light which the body do^ 
not have the power to absorb. If a body when it is illuminated 
with white light does not absorb any of this light but transmits or 
reflects all wave lengths in equal measure it appears to be white. 
If, however, the same body were illuminated with red light, it 
would appear red because it would reflect or transmit only red 




(c) 

Plate V— (a) Colors by addition, <6) an example of color production by sul^ 
traction, (c) a contrast of hues showing effect of background on color. From 
Physics of the Home, by F. . 4 . Oshorm ,'' 





( 6 ) 


(0 




Plati: YI. — (a) Complementary colors, (6) print from a blue-filter negative, 
(c) print from a green-filter negative, id) print from a red-filter negative. {Cour- 
tesy JSastma?i-'Kodak Company.) 
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light to the eye. Since no other colors would be present to be 
reflected, the color of the body would be completely determined 
hj this reflected or transmitted red light. If a body apjx‘ars red 
in daylight it is due to the fact that it reflects or transmits the red 
rays more abundantly than it does the other light ; in other words, 
it absorbs the lights with wave lengths other than the wave length 
of the red light and reflects red light. Similarly, a green object 
is one which reflects or transmits green light and absorbs light 
of other wave lengths. An object which is red in white light 
will* also be red in red light, but it will be black in green light or in 
any other light which it does not reflect or transmit. A l)ody 
which appears white in -white light will be red in red light, green 
in green light, etc., since a white body has the power of reflecting 
or transmitting ail colors of the spectrum to an equal degree. 

Bodies which seem to have the same color when viewed in 
daylight may not have the same color when viewed in lamp light. 
Light from an ordinary incandescent lamp is richer in red rays 
than in blue rays. An attempt is made to correct this defect 
in some of the so-called ^Maylight lamps” in which a blue glass 
surrounding the lamp reduces the rq^l and yellow radiation until 
the distribution of energy is nearly the same as it is in sunlight. 

663. Compounding Colors. — When two or more distinct colors are super- 
posed on each other, the resultant color differs from either of the colors used 
to produce it. For example, if red and blue are superposed, the resultant 
color is purple. The resultant color also depends on the relative intensities 
of the component colors. If all the colors which are present in the spectrum 
of white light are recombined in the same proportions as they were originally 
present in the light, there results w’hite light. If one of the parts of the 
spectrum is removed by absorption all the other colors are combined, but the 
result is not pure white light (Plate V). 

The effect of compounding two or more colors may be shown by means of a 
color disk. The disk consists of sectors of different colors. The disk is 
rotated about its axis so rapidly that the effect on the eye is precisely the 
same as if all the colors were seen at the same time. If one half of the disk 
is red and the other half green, the disk appears to be yellow. If one half 
of the disk is green and the other half violet, the disk appears to be blue. 
If one third of the disk is red, one third blue, and one third green, the disk 
appears to be grayish ■white. To the eye these colors appear to be the same 
as those observed in the spectrum. As a matter of fact they are quite 
different. The colors observed in the spectrum consist of a single wave 
length. The colors produced by mixing colors may consist of several wave 
lengths mixed in such proportions that they produce the same effect on the 
eye as the light of a single wave length in the spectrum. 
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664. Mixing Pigments. — A clear distinction must be made bet wee 
mixing colored lights and mixing colored pigments. When yellow light an ■ 
a proper shade of blue light are combined in a suitable ratio of iiiteiisitiev 
the result will be a white sensation. The mixing of lights of ditferent {‘olurs 
is an additive process. If a pigment which is “yellow” because it ab.sorl»s 
the blue light, transmitting other colors to some degree, is mi.xod with • 
pigment which is “blue” because it absorbs red light, transmitting other 
colors, the mixture is a “green” pigment, that is, a pigment which absori^ 
red and blue, transmitting a green mixture. The colors of pigments are thus 
determined by the light which they absorb. Each pigment subtracts certain 
colors from white light. The color of the mixture is, therefore, the (*o](>r 
which has not been absorbed by either pigment. 


655. Absorption of Light by Liquids, Solids, and Gases.— 
Numerous liquids and solutions absorb different parts of tlie 



Fig. 658. — Absorption of light by (fobalt chloride solutions at different teini)era- 
tures- The dark bands show the region of the spectrum absorbed by the solution. 


spectrum. One liquid or solution may absorb the red and the 
violet, while another niay absorb all colors but the green. Figure 
658 shows the absorption spectrum of an aqueous solution of 
cobalt chloride at six different temperatures : 5, 18, 38, 52, 64, and 
83°C. The absorption spectrum of cobalt chloride is charac- 
terized by two wide bands in the visible spectrum and a band in 
the ultra-violet. As the temperature rises, these bands \nden 
slightly. 

Ray filters such as are used by photographers to prevent over- 
exposures of the sky consist of some substance which absorb 
some of the blue and violet light from the sky so that it vill not 
produce an overexposure of the photographic plate. In this way 
an exposure sufficiently long to secure the landscapes and clouds 
may be obtained without ov^erexposing the sky. 

Where solids and liquids absorb light, the absorption usually 
extends through a wide range of wave lengths. Gases and 
vapors, on the other hand, unless they are very dense, absorb 
certain definite wave lengths and transmit quite freely wave 
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|♦•llg^hs which are ^jlightly lougt^r or slightly shorten. The absorp- 
tion spectrum of iron vapor (Fig. 659j shows that the al>sori)tioii 
lines correspond to the emission lines. 

666. Absorption Spectrum of Blood. — When a solution of oxyheinoglcd»iii 
Ilf moderate strength is exainiiied witli a speetOKeope, two \vell-mark«*d 


:937 :.35: :.?:5 :.?S4 5,:c: 5,05: 3cr 3^^S4 5,100 

;?:? 2.948 2.9c5 2934 5.:0‘ 5016 3::c 5.057 ' 5.059 3.C7c 3092 5017 



(a; 



Flo. ()59- — (a) Absorption spectrum of iron vapor, with comparison spece^uin 
of iron above and below. (A. S. King.) (6) Spectrum of the sun and a com- 
parison spectrum of an iron arc. The region covered extends from XX3,9(K) t<s 
4,200. {Courtesy Mt. Wilson Observatory.) 

absorption bands are seen in the visible part of the spectrum. One of these 
hands has a wave length, a little shorter than the Fraunhofer D-line and the 
other has a wave length a little longer than the Fraunhofer F-line. There is 
a third absorption band in the extreme violet between the Fraunhofer 
H- and CZ-liitcs, The position of this band can be located by xneans of 
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photography. The addition of a reducing agent, such as ammonium 
sulphide, causes the bands in the visible to disappear and to be replaced bv a 
less sharply defined band with its center about equidistant between the 
Fraunhofer D- and jF-lines. A knowdedge of the absorption spectrum of 
hemoglobin and its derivatives is important in physiology. 

657. Fraunhofer Lines. — An examination of the spectrum of 
the sun shows that it is crossed by a large number of fine dark 
lines. These lines, of unusual interest to physicists and astrono- 
mers, are known as Fraunhofer lines from their discoverer 
These lines are produced by absorption in the atmosphere of the 
sun. The central part of the sun consisting of incandescent 



Fig. 660. — Spectroscope for showing absorption lines in vapors. {Courtesy 
Eastern Science Supjly Co.) 

solids or liquids emits white light. Surrounding this central 
part is an atmosphere made up of vapors and gases which come 
from the central part. These vapors and gases constituting 
the atmosphere of the sun are at a much lower temperature than 
its central part from which the light comes. When light comes 
from the sun and passes through this atmosphere, the wave 
lengths corresponding to the light which would be emitted by 
these luminous vapors is absorbed by them. Tlj^us, if sodium, 
iron, and copper are present in the sun, vapors of these elements 
are present in its atmosphere. White light passing through 
the atmosphere containing these vapors will lose those wave 
lengths or colors which sodium, iron, and copper emit when 
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liiniinoiis. These wave lengths will therefore, be inlssiiig when 
tlie solar spectrum is examined (Plate VI, 1). Lithis way, it has 
!>een possible to get a good idea of the eienamts w liieli compose 
the sun and it has been found that there are |>n.^sent in the sini the* 
same elements which are present on the tairtli. Iiuieed one 
element, helium, tvas discovered on the sun by this method l)efore 
it was found on the earth {see Plate In A coin'enient speetro- 
scope for observing emission and absorjuion spectra as wi‘Il as 
Fraunhofer lines is the one shown in Fig. 660. 

668 . Absorption Spectnijn of Chlorophyll. — Thetihsorption spwtnnii of 
green leaf shows that light of wave length less than olXX) A. is alisorhcd to 
the greatest extent. The amount of the absorption becomes greater as the 
wave length becomes shorter. There is also a well-iuarktHi al»><»rptiim 
hand in the red portion of the spectrum between 60 OO and 65S0 A. T! e 
maximum of the energy in solar radiation is in the neighl»orhood of UUIX) A., 
so that the green leaf is able to utilize the light which has a wave lengtii less 
than about 5000 A. and those radiations in the red end of the spectrurn with 
wave lengths between about 6500 and 6700 A. Radiations with wave 
lengths between about 5000 and 6500 A. and radiations with wave lengths 
longer than about 6700 A. are not utilized by green leaves. 

The physical and chemical changes which are brought about in the leaves 
by the absorption of light are not yet understood. The mechanism of con- 
verting solar radiation into the energy stored up in the leaves is not at all 
simple, but certain facts seem established. Elements taken from the 
environment of the plant are built into organic compounds under the 
action of solar radiation. This result is easily tested by screening a p<.)rtion 
of a leaf from the light, but leaving a certain portion exposed to the light, 
and then observing any differences between the normal and the darkened 
portions. The part exposed to light will be rich in starch, while the screened 
portion is free from starch. It has also been sho\\Ti tiiat the maximum evolu- 
tion of oxygen takes place where the absorption of light is a maximum and 
the formation of starch is a maximum. The energy necessary for the forma- 
tion of these organic compounds from tvater vapor and carbon dioxide is 
supplied by the absorption of solar radiation. This is a most important 
process by means of which solar radiation is made available for the per- 
formance of physical work for man. 

659. The Young-Helmholtz Theory of Color Vision. — Accord- 
ing to the Young-Helmholtz theory of color vision there are three 
sets of nerves terminating in the rods and cones of the retina of 
the eye. Each of these sets responds to one of the three primary 
colors: red, green, blue- violet. According to this theory, any 
resulting color sensation from light incident on the retina of the 
eye depends on the relative intensities of these primary sensa- 
tions. The sensation of red is thought to be excited more or 
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less by all wave lengths in the visible spectrum but most struii|i;lv 
by red or orange light. Similarly, the curve marked *‘greei!*'' 
(Fig. 661) exhibits the relative intensities of the green scnisatiun 
produced by lights of different wave lengths. The other vnrw 
marked ^^blue” shows how this sensation varies with the wav<* 
length of the light received by the eye. 

In a normal eye which possesses all three of these types of 
nerve centers, a given wave length of light excites three sensa- 
tions to different degrees. If the wave lengths are long, the red 
sensation predominates, and if the wave lengths are short, the 
blue-^dolet sensation predominates. The intensity of each sensa- 
tion is proportional to the ordinates of the curves in Fig. 661 at 



Fig. 661. — Young-Helmholts theory of color vision. 

the point corresponding to the wave length of the light which is 
incident on the eye. 

There is no evidence from the anatomy of the eye that these 
three types of nerve centers exist in the retina of the eye. The 
theory, however, accounts for many of the essential facts in 
color vision. 

660 . Color Blindness. — The Young-Helmholtz theory of color 
\dsion accounts for the abnormal color sensations of color-blind 
persons. According to this theory a color-blind person is one 
in whom one or possibly two of these sets of color nerves are 
missing. A person color blind in the red is one in w^hom the red 
nerves are insensitive. The eye of such a person will respond 
only to the green and blue- violet sensations. Such an eye will 
not be sensitive to light with wave lengths w-hich lie in the red end 
of the spectrum. In case the person is color blind in the green, 
the nerves which respond to the green light are insensitive. 

661. Effects of Ultra-violet Light on Living Matter. — That radiationi^ 
affect living cells is evident from sunburns, snow blindness, sterilization, 
and in many other ways. Ordinary visible radiation may kill some kindn 
of germs, but in general it is the ultra-violet radiations which are effective 
Such modem artificial sources as the quartz mercury-arc lamp, the carbon 
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;ins the flaraiug are give ultra-violet radiations whiefi have a |K>\verfu! 
germieidal action. The sterilization of water by means of ultra-violei 
radiations from a quartz mercury-are lamp has now }>eeome an inqajrtant 
method for purifying water in swimming pools. Various applications of 
ultra-violet light have been made to the sterilization of milk, butter, and 
(‘ertain fats. 

The skin and blood of the human body are somewhat transparent to 
light rays. Wlien light rays, especially those in the ultra-violet region of 
the spectrum, fall on the body, certain physiological effects are producetl. 
Sometimes these effects are beneficial and sometimes harmful. Because 
of the absorption of the air, the spectrum of the sun stops at al^oiit 0.293ju. 
Sources of light such as the mercury-arc lamp and the iron arc which emit 
ultra-violet radiations of wave length shorter than 0.300^ cause painful 
iiifiammation of the eyes and skin. To make such sour(‘es of light safe, it is 
only necessary to place a piece of window g!as< in front of them. The 
injurious radiations are absorbed by the glass to siudi an extent that they 
cease to be injurious except in the case of very intense sources of radiation. 
In electric welding, it is desirable to wear spe(‘ta<*les made of a .‘Special 
kind of glass so that they absorb more of the light than is absorbed by ordi- 
nary glass. 

662. Luminescence. — A body which emits light because it is mamtaine<l 
at a high temperature is said to be incnnch scent . There are, however, Ixjdies 
which give off light at temperatures much below the temperature at which 
they become incandescent. In such cases the light i.> stimulate<i by some 
other means than heat. Such bodies are said to be lundnfscerit. T(» this 
group of bodies belong all luminous organisms. Luminescence may be 
produced in a body in a variety of ways, and for this reason it is convenient 
to distinguish different types of luminescence according to the way in whicli 
the light is stimulated. Some substances begin to emit light of shorter 
wave lengths than red at temperatures well below 525’C. Diamond, 
marble, and fluorite are examples. Some crystals of fluorite when lieated in 
an iron spoon will give off white light long before any trace of redness appears 
in the spoon. Other crystals will luminesce in hot water. In ail such cases 
the luminescence is dependent on a previous illummation of the body. The 
power of a body to emit light at temperatures less than incandescence is 
known as ihertuoluindM.ilSCcme'r 

Many substances have the power to absorb radiation and afterward 
emit it as light. Such Ijodies are said to be fluorescent when they give off 
light only during the time the radiation is incident upon them. If the 
body continues to emit light after the stimulating radiation is removed, 
it is said to be phosphorescerd: The distinction between fluorescent and 
phosphorescent bodies is purely arbitrary. Some bodies give off light for 
only a fraction of a second after being illuminated. Other bodies which 
fluoresce at ordinary temperatures are phosphorescent at low temperatures. 
Examples of substances which become phosphorescent at low teinperat\ires 
are salicylic acid, starch, glue, and eggshells. The best known cases of 
phosphorescence at room temperature are the alkali earth sulphides, barium 
sulphide, calcium sulphide, and strontium sulphide. A rise in temperature 
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increases the intensity" of the phosphorescent light but decreases the time 
of its duration. Fluorescence is most efficiently excited by cathode rav< 
in a vacuum tube. "V^Tien the tube is made of sodium glass, its walls glow 
with a 3'ellow-green light. Diamonds, rubies, and many other niinemlH 
fluoresce brilliantl3’- in the path of cathode ra\^s. A luminous paint fre- 
quentlj" used, consists of zinc sulphide with a trace of radium salt. The 
radium rays which are emitted continuously by the radium salt cause a 
steady fluorescence in the zinc sulphide. Manj^ solutions show fluorescence 
in strong lights. This is especial^ marked in quinine sulphate, mineral oils 
eosin, rhodamin, chloroph\dl, etc; 



CHAPTER LM 

INTERFERENCE AND DIFFRACTION 



663. Interference of Water Waves.— If the surface of a dish 
pf mercury is agitated by means of the prong of a tuning fork to 
which is attached a piece of fine wire which dips into the surface 
of the mercury, a system of waves is set up. If both i,)rongs of tlu* 
tuning fork are used instead of one, two systems of waves are 
produced which travel across the surface of the mercury. At 
di^erent points, these systems of waves reinforce or neutralize 
each other. They^ay be pro- 
jected by means of an apparatus 
represented in Fig. 662. By 
means of this apparatus, the 
waves are produced in a sur- 
face of mercury and projected 
on a screen. Light from a lamp 
at L is reflected by means of a 
mirror M and illuminates the 
surface of the mercury where 
the tips of the tuning fork dip 
into it. The light reflected 
from the surface of the mercury 
passes through the lens S and is 
reflected by the mirror N to 
form an image on a distant 
screen. The resulting circular 
ripples go out from the pomts at which the prongs of the tuning 
fork are in contact vith the surface of the mercury'. These 
ripples move too rapidly to be seen with the unaided eye. Their 
position may be located by an instantaneous photograph or by 
projecting them through a stroboscopic disk. 

664. Interference of Light Waves. — Thomas Young showed 
that when two trains of waves ha'ving the same wave length and 
amplitude of vibration and traveling in the same direction are 
superposed, they do not always produce increased illumination 
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Fig. 662. — Production of ripples in 
.he surface of mercury. The 'vibration? 
ire produced by a tuning fork. 
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but may neutralize each other. The principles of this phenome- 
non, known as interference, are best understood from the original 
experiment of Young. 

Behind a screen containing a small pinhole S (Fig. 663) p 
placed a source of light. A second screen having two small 
holes A and B is placed in front of the first screen in such a wav 
that the openings A and B are equally illuminated by the light 
from S. If light is allowed to pass through either A or B, there 
is produced a bright spot on a third screen at D. If, however, 
light passes through both holes A and B at the same time, there 
is formed on the third screen a series of bright and dark bands. 
To see the meaning of this fact, consider in detail Fig. 663. Let 
DM be a perpendicular to AB at a point M midway betweim 



A and B. Since D is equidistant from A and B, light leaving 
A and B at the same time mil reach D at the same time and be in 
phase. Hence, the waves from A and B will coincide and, there- 
fore, reinforce each other. The illumination at this point will be 
a maximum. If some point E above or below D is chosen, the 
light from A in reaching E will travel the distance AE, and the 
light from B will travel the distance BE, Since BE is greater 
than AEj the light from B will arrive later than the light from 
A, If is chosen far enough from D that BC, the difference 
between BE and AE, is equal to one-half wave length of light, 
then the light from A will be ahead of the light from B by one-half 
wave length or one-half period of vibration. When the waves 
coming from A produce a displacement in one direction, those 
coming from B will produce a displacement in the opposite direc- 
tion. The two waves will thus neutralize each other and ^^o 
produce no light at E. If E is chosen still farther away from D 
so that BC is equal to one whole wave length of light, the light 
from both sources A and B on reaching the screen will again be in 
phase and so produce an illumination of the screen at that point. 
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By choosing points still farther away from I), alternate dark and 
light regions will be found according to whether BC is equal t<i an 
odd number or an even number of half wave hmgths of light. 




('5» 

Fig. 664. — {a) Interference of light from two identical sHtis A aixi B. 
Interference fringes produced by tw^o identical sources. (From Fun fin mm fils of 
Physical Optics by Jefikins and White with permission of authors.' 


Figure 664 describes interference in such a case in terms of the 
wave fronts from the two holes A and B, 

When 

BE - AE = BC = 4X, 

= -ioX. 

= "’2X5 

the screen is dark. 

When 

BE - AE ^ BC X, 

2X, 

= 3X, etc,, 

the screen is illuminated. 

If, therefore, the pinhole S be illuminated with sodium light, 
the screen DF, which is normal to the plane of the paper, .will 
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covered by a series of alternate yellow and black fringes. These 
fringes start vith D which is yellow and extend above and below 
the point D. If white light is used, the central fringe at D will 
be white, and on either side of it there will be a set of rainbow- 
colored fringes. These colors arise out of the fact that the dif- 
ferent colors in the white light have different wave lengths and 
reinforce or destroy each other at different points on the screen. 
In these rainbow fringes, the edges nearest D are violet and the 
edges farthest from D are red. This distribution of color indi- 
cates that the wave length of \dolet light is less than that of red 
light so that the \dolet rays destroy each other for a smaller path 
difference than is necessary for longer wave lengths. 

Because of the importance of this experiment in sho\\dng that 
light is a wave motion, many modifications of it have been 

devised. These were designed 
to remove any criticism of the 
experiment and make the reality 
of the interference phenomenon 
as certain as possible. The 
simplest of these modifications 
is one in which Fresnel used a 
biprism having a very obtuse 
angle in place of the screen con- 
taining the two pinholes. By 
means of this prism he avoided 

Fig. 665 .— Diagram of Micheison’s any disturbance of the light 
interferometer. i i i , - ■, 

which might arise when it 
passed through the small apertures A and B, He also replaced 
^ the biprism by two mirrors inclined at a small angle to each other. 
The results w^ere precisely like those observed by Young, and the 
reality of the interference of light was established. 

666. Michelson Interferometer. — In this interferometer (Figs. 665 and 
666) light emerging from a source S falls on a glass plate A, which reflects 
part of it and transmits the remainder. The reflected part goes to the mir- 
ror C by which it is again reflected and returns along its original path. The 
part of the original ray from S, which passed through the plate A without 
reflection to C, passes through a second glass plate B and is then reflected 
at the mirror D, and later returns to the mirror A by which it is reflected 
in such a way that its direction coincides with the direction of the ray which 
was reflected at the mirror C and subsequently passed through the glass 
plate A . Thus, the ray of light which originally came from the source S has 
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l>een split into two rays. Both of these rays are reetaved by the eye: out* 
of them after reflection at Oy and tlie other after refloction at IK The piano- 
parallel glass plate B is introduced to compensate for the extra thickness of 
glass through which the ray reflected at C has passed in naiching the «*y«‘. 
In this t\ax , the thickness of glass through which tlie two rays liave passed in 
reaching the eye is the same. 



If the distance from the plate A to the mirror C is the same as the distance 
from the plate A to the mirror D, the two rays of light have traveled the same 
distance, and they will, therefore, be in phase since they originated by the 
splitting of the ray from the source S. Under these conditions, the rays will 
reinforce each other. If, however, the distance .-ID is greater than the dis- 
tance AC by a distance equal to one-quarter 
of a wave length of the light, the two rays 
will be out of phase and destroy each other. 

As the mirror D is moved along the line AD, 
there will be alternate reinforcement and 
destruction of the light, that is, alternate 
brightness and darkness. If the eye is re- 
placed by a photographic plate, alternate 
bright and dark bands or interference fringes 
will be obtained on the plate. Such a 
system of interference fringes for a neon line 
(X = 5852 A.) is given in Fig. 667. 

666. Interference in Thin Films. — Con- 
sider a verj^ thin film of some transparent 
body with surfaces parallel to each other 
(Fig. 668). If one of these surfaces is illumi- 
nated by a broad beam of light of a single wave length, light will be 
reflected equally from the upper and lower surface of the film. An 
incident ray like AB will be partially reflected from the upper surface, but 
most of the light -will enter the film and^a small part of it will be reflected 
at D. In a similar manner, part of the ray DE will be reflected at E and the 



Fig. 667. — Interference 
fringes from one of the lines 
of neon (X = 5852 A.) {Bab- 
cock.) 



THE ELEM'EXTS OF PHYSICS 


630 

remainder of the light will enter the film. Some of it will ]:>e reflected at F, 
etc. If rays parallel to AB and DE illuminate the upper surface XY of tfa’ 
film, parallel rays EF, GH, etc., will be reflected from the upper surface. 
There will also be rays which are parallel to EF, GH, etc., which hav(‘ IxHni 
reflected from the lower surface MN of the film. The rays reflected from the 
lower surface MN are superposed on those reflected from the upper surface 
XY. These two sets of reflected beams have nearly the same brightness hut 
differ in phase, because those which are reflected from the lower surface of the 




(b) 

Fig. 668. — (a) Inteference of light produced by differences of path m thin 
films, (b) Interference produced by light reflected from nearly plane surfaces of 
glass separated by a very thin film of air. Parallel fringes indicate surfaces are 
optically plane. , Irregular fringes indicate surfaces are not plane. {Courtesy 
Bausch and Lomh Optical Company.) 

film have traveled twice the thickness of the film in excess of the distance 
traveled by the rays reflected from the upper surface. When a ray after 
reflection from the upper surface at Ej traveling in the direction FT, is one 
whole period ahead of a ray which after reflection at C emerges from the 
upper surface of the film at E in the direction EFj these two rays will rein- 
force each other. If these rays differ in phase by one-half of a period, they 
will neutralize each other. There will thus be destructive interference when 
a suitable relation holds between the wrave length of the light, the thickness 
of the film, the index of refraction, and the angle of incidence. The condition 
for destructive interference does not occur at the same place for different 
wave lengths. Hence, when the film is illuminated by white light, certain 
wave lengths wull reinforce each bther where light of other wave lengths 
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df‘S'troy each other. The re^uh will ht* a series of e('»iorei| fringes, giving the 
appearance of a rainbow i Plate VII, 3,. 

Tlie colors of thin filmsof oilsarean illustratioii of thistypeof interference. 
When a thin film of oxide is funned on a nit*tal surface, the eidor of the film i- 
due to interference of light refleeted from its upper and lower surfaces. Tliis 
color will vary with the thickness of 

The film. A/ 

667- Diffraction. — When light 
passes through a small opening, 
it is supposed not to spread out 
into the region XY (Fig. 669) 
but to proceed in straight lines 
and produce a sharp image on 
the screen 3f A". The light does 

not, however, proceed in exactly Fig. otm. -Bendiiiir id light into the 
straight lines but spreads out geometne sindot^. 

somewhat into the region XY. In other words, light Ixnids 
around the corners of an obstacle in much the same way that 
water waves bend around the corners of an object. This spread- 
ing of a wave motion into the geometric .shadow of an object is 

called diffraction. This effect is 
'K large in the case of water waves and 

sound waves but small in the case of 
AT/X light waves. Where the wave length 

is large, the diffraction is large; where 
the wave length is small, the diffrac- 
^ tion is small. 

668. Huygens’s Principle. — To 
Sx/rcc Wave frof7f-*j^ account for the fact that light does 

not travel exactly in straight lines, 
and for other reasons, Huygens con- 
/oeV sidered that each vibrating partick^ 

in the wave front of any wave 
motion may be considered as a sec- 

Fig. 670. -Huygens’s principle ondary source of spherical Wavelets 
for a spherical wave front. 

with the velocity of the primary wave. The surface which is 
tangent to all these secondary spherical w’ave fronts gives the new 
position of the primary wave front. Consider a source of waves 
originating at S (Fig. 670). Suppose that these waves at a 
given time have reached points 1, 2, 3, . . . 10 on the wave 
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front AB. It is desired to locate the wave front at some later 
time, t. Consider each of these points 1, 2, 3 . . . 10 as a source 
of secondary wavelets which spread out with a velocity v. After 
a time each of these secondary disturbances will 
have spread over spheres of radius vt Xow draw 
a sphere CD tangent to all of these spherical 
wavelets. This sphere will give the new position 
of the primary disturbance, and the line perpen- 
dicular to this surface at any point \nll give the 
direction of propagation of the wave motion. If 
the rays of light are parallel to each other, the 
w^ave front is a plane (Fig. 671). The way in 
w^hich the second position of the wave front can 
be obtained from the first position is indicated 
in Fig. 670. The distance between these wave 
fronts is the distance the wave motion travels in 

gens’s principle for ^ 

a plane wave front. Diffraction by a straight Edge. — Suppose 

light is diverging from a luminous point L (Fig. 672) and that it 
passes by the edge of an opaque screen AB. If the light were 
propagated accurately in straight lines, there would be uniform 
illumination above the line LAO and 
complete darkness below^ it on the 
screen. It is, however, observed that 
the illumination does not become zero 

M 
S 

Wofve^ 
front 





(a) . 

Fig. 672. (a) Light passing a straight edge bends into the geometric shadow. 

(6) Diffraction pattern due to a straight edge. {CouHesy M. E. Hufford, Uni- 
versity of Indiana.) 


immediately below 0 but fades away continuously. There is 
complete darkness at a small distance below 0. On the other 
hand, immediately above 0 the illumination is not uniform but 
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shows a series of bright and dark bands. These bands correspond 
to maxima and minima in the illumination on the screen. The 
brilliant fringes thus produced run parallel to the edge of thf‘ 
diaphragm AB. The intensity of the fringes decreases as we 
proceed from the point 0, and at a short distance from 0 the 
intensity of the illumination becomes uniform. It is thus 
seen that the geometric shadow of AB is not distinctly marked, 
but that the light fades away gradually on one side and passes 
through a series of maxima and minima on the other side. The 
appearance of the fringes thus produced is seen in Fig. 6726. 

670. Diffraction of Light by a Narrow Wire. — Consider now the 
case of a fine wire AB (Fig. 673a, 6 ) placed in front of a narrow slit 



Wavefrorrf- 


^Source 
^ Light 


Fig. 673. — (a) Diffraction of light passing a fine wire. (5) Diffraction pattern 
produced by a fine wire. (Courtesy M. E. Hufford, University of Indiana.) 


L. The shadow of this wire on the screen MN \\dll be found to be 
bounded on each side by a system of parallel fringes like those 
shown in Fig. 6736. The system of fringes lying above C is due 
to diffraction of light from L over the edge of the obstacle at .4. 
The fringes below D on the screen are due to the diffraction 
of light which has passed by the edge B. In between C and D, 
there may be another set of fringes, provided the wire is suffi- 
ciently narrow. In such a case, the space between C and D is 
illuminated by light which has passed the edge A and been bent 
into the geometric shadow CD, and also by light which has 
passed the edge B and been bent into the geometric shadow CD 
of the wire AB, Since the region between C and D is thus 
illuminated by light from two sources, these hghts superpose on 
each other and may under suitable conditions interfere in such a 
way as to produce interference fringes. Figure 6736 shows the 
two regions of diffraction bands w^hich border this central region 
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parent, and light can pass through regularly. The plate of 
glass is then somewhat like a picket fence. In effect, there is a 
strip through which the hght can pass followed by a strip through 
which it cannot pass. The furrows are very close together. 



Fig. 678. — Diffraction grating. For reinforcement n\ = d sin x. 

Let AB (Fig. 678) represe^jt such a grating on which is falling 
parallel light so that the direction of the rays is perpendicular 
to the plane of the grating. Figure 679 shows the wave fronts 
which will start out from these slits. These wavelets will destroy 
or reinforce each other, according to whether 
they are in phase or out of phase at a given 
point. Through the slits in the grating vill 
come beams of parallel light. If these rays 
coming in the direction perpendicular to the 
plane of the grating are brought to a focus on 
the screen PS by the lens ML, there will be 
formed a bright line at K. If the light is 
viewed in a direction making an angle x with 
the normal to the grating, parallel rays of 
light emerging from the slits in this direction 
will travel unequal distances to reach the 
screen, and when they are brought to a focus 
at N by the lens LM they may either rein- 
force or destroy each other. If the angle x 
is made such that a ray of hght from one 
slit is one-hah wave length behind the corresponding ray from the 
neighboring sht, then the rays from one slit will be out of phase 
with the rays from the neighboring slit and will destroy each 
other. Hence, at N there will be darkness because the rays 
interfere in such a way that they neutralize each other. If the 



Fig. 679. — Wave 
fronts from a diffrac- 
tion grating. 
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of interference. The interference bands are not present in thi-. 
case because the diameter of the ■wdre was too large. 

671. Diffraction through a Narrow Slit. — If light from a narrow 
slit at 0 falls on a second narrow slit which is parallel to the first 
slit, there t^dll appear on the screen MN (Fig. 674) a bright central 

^ band. On each side of this een- 
1 tral band, there -Kdll be alternate 
I bright and dark bands which 

^ — I' become wider as the slit 0 k 

^ decreased in width. By an appli- 
cation of Huygens’s principle, 
these bands can be explained bv 
the interference of light from 
ing through a narrow slit. ciiner6nt parts 01 the wavc front, 

which has come through the slit 
AB. The light which reaches the points on the screen between L 
and S comes from points on the wave front in such a way that 
the light is nearly in the same phase and there is reinforcement 
at all points. Points on the screen above L or below S an* 
illuminated by light which has 
come from points on the w^ave 
front in such a w^'ay that in 
some cases there is reinforce- 
ment, and in other cases there | 
is destructive interference. 

Hence, alternate bright and 
dark bands are produced above 
L and below S. If the edges 
of the slit are not parallel the 
diffraction bands have the form | 

shown in Fig. 675. Diffraction ^ 

patterns produced by wdre Fig. 675. — Diffraction through u 
screens of different meshes are the 

shown in Fig. 676. widest separation of the fringes. [Cour- 

672. Diffraction by a Circular 
Apertxire. — Another striking 

illustration of diffraction is observed w^hen light from a luminous 
point passes through a small circular aperture like a pinhole. 
When this aperture is viewed by means of a magnifying gte, 
there appears a brilliant spot which is surrounded by a series of 


Fig. 675. — Diffraction through u 
wedge-shaped opening; the narrow end 
of the opening corresponds to the 
widest separation of the fringes. {Cour- 
tesy M, E. Huffordy University of 
Indiana.) 
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hrigiit riiig*- Tiie size and appearance of tla*se riiigs are altered 
:ts the eye is moved closer to the opening or farther from it. 
?^iich a system of diffra(*tion rings a}>out a luminous point is givtai 
ill Fig. 677, 



(a) ib) 

Fig. 670. — Diffraction pattern through screens with rectaiiguliir opi‘iiings. 
(a) Smaller, (b) larger rectangular opening. (Courtesy M. E. Hu ford, Uniursii:/ 
of Indiana. ) 



Fig. 677. — Diffraction pattern produced by a circular opening. {Cauritsy 
M. E. Hufford, University of I?idiana.) 


673. DifEractioii Grating. — If a series of very fine equidistant 
parallel slits be ruled on a plate of glass 'v^ith a fine diamond 
point, we have what is known as a diffraction grating. Where 
the diamond point has made a furrow on the glass, the light can- 
not pass through regularly. In between the furrows where the 
surface of the glass has been undisturbed, the glass is still trans- 
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anglf' between the normal to the grating and the ray is iiiereascni. 
the rays from the lower slits will be more and more behind tlie 
rays from the upper slits. When the difference in patli !>et\veeri 
corresponding rays from neighboring slits amounts to oiw wa\'e 
length of light, the light from the slits will again be in pfiase 
and reinforce. When these rays are focused by tlic^ lens LM, 
another bright image of the slit will be formed on the screen. 

From the geometry of the Fig. 678 it is seen that 

DC = AD sin x. 

When 

DC — AD sin x = 

3X 



the rays from different slits destroy each other, and the screen is 
dark. 

When 

DC = JljD sin X = X, 

= 2X, 

= 3X, etc., 

the rays from different slits reinforce each other, and the screen is 
illuminated (Plate YII, 4). 

The angle x through which the telescope of the spectrometer 
must be turned before reinforcement is again obtained after leav- 
ing the central bank K can be easily measured on the divided 
circle of a spectrometer. The number of rulings per centimeter 
of the grating is given by the maker. From this the distance d 
between the slits on the grating can be computed. For the first 
reinforcement, 

\ — d sill X, 

Since all the quantities in this equation are known except X, the 
wave length of the light can be calculated. This is a very accu- 
rate method of measuring the wave length of light. 

Example. — In using a grating to determine the wave length of light, it 
was observed that the angular separation of the second-order spectrum from 
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the central image was 45 deg. The number of lines per inch on the grating 
was 14,500. What was the wave length of the light? 

2X d sin x 

d .. 


1 V 

2 14,500 



= 0.0000621 cm. 


Example. — For a certain color of yellow light, the angular separation 
between the central image and the first-order spectrum produced by a plane 
grating was 17 deg. The grating had 5,000 rulings to the centimeter 
What is the wave length of the light? 


Wave length = d sin x 
1 


5,000 
1 

5,000 
= 0.0000584 cm. 


X sin 17 deg. 
X 0.292 


Problems . 

1 . A glass grating is ruled with 4,250 lines to the centimeter. Yellow 
light striking the grating normally is seen to forrn a second-order image 
diffracted at an angle of 30 deg. from the normal. W^hat is the wave length 
of the yellow light? 

2. A diffraction grating having 14,500 lines to the inch is used with n 
spectrometer in such a way that light of w^ave length 0.000059 cm. falls 
normal to its surface. What angle must the telescope of the spectrometer 
make with the normal to the grating so that the first order of the speetrurn 
can be observed? 

3 . In observing the spectrum of a certain color with a grating which had 
250 lines to the millimeter, the angular deviation of the second-order spec- 
trum from the central image is 15 deg. when the incident light is normal to 
the grating. Find the wave length of the light. 

4 . Two spectral lines of different colors are observed by means of a 
grating, and it is seen that the third-order image of one line coincides with 
the fourth-order image of the second line. What is the ratio of the wave 
lengths for the two colors? 

6. The fourth-order spectrum contains a certain color diffracted at an 
angle of 25 deg. If the grating is ruled with 200 lines to the millimeter, 
what is the wave length of 'the light? 

6. Monochromatic light from a narrow slit illuminates two parallel slit.s 
0.15 mm. apart. On a screen, 80 cm. away, interference bands are observ'cd 
3 mm. apart. Find the wave length of the light. 

7. Light from a sodium flame, with a wave length of 0.0000589 cm. 
passes normally through a piece of glass 1 mm. thick, with a refractive index 
of 1.55. What difference in phase is produced, as compared with a path of 
1 mm. in air? 
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8. Experiment .shows, that tin* iiidt^x of n-fraetion t>i hvnxy tlim i- 

1.717 for Z>-light iveliow; and 1.742 fur F-iight Find the uu^h- uf 

dispersion of these two colors prodiiceil by a tiO-deg. prism, if tho iiirl' 
Strikes the prism with an angle of incidence of oO ucg. 

9. An achromatic prism is made hy coinluning a flint-glass pri-m \uih .i 
crown-glass prism. If the angle of the flint-gla>s ])ri,-m is d deg., v, hut inn^- 
!>e the angle of the crown-glass prism, so that the pri-iii will he aeiiromat i.- 
for green light? Index of refraction for green liglit for crown gla>> i- I. dl l 
and for flint glass, 1.626. 

10. A transmission grating has 440 lines to the iiiillinieter. It is u^hI ss it h 
light of wave length oSOO A. If the incident light is normal, what i> the 
angle between a ray to the imdeviated iniag(* and a ray to the >ecnndH>rder 
spectrum? 
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POLARIZATION AND SACCHARIMETRY 

674. Polarization. — There are various phenomena which show 
that light is a wave motion in the ether. It is now necessary 
to ask whether these waves are longitudinal, like sound waves, or 
transverse, like waves in a stretched string. In the former 
case, the displacement is in the direction in which the wave is 
traveling, and in the latter case it is perpendicular to this direc- 
tion. There are certain phenomena which offer conclusive proof 



Fig* 680. — Polarization of light by tourmaline crystals. 

that light waves are transverse waves, that is, that the vibrations 
which constitute light waves take place at right angles to the 
direction in which the wave is traveling. The following experi- 
ment with two crystals of tourmaline shows the nature of this 
evidence most simply. 

When a crystal of tourmaline (Fig. 680) is cut parallel to the 
crystallographic axis and a ray of light passes through it, the 
transmitted beam in no way differs from the incident beam, 
so far as the unaided eye can detect. If the light which has 
passed through one tourmaline crystal is allowed to pass through 
another with its axis parallel to the first, the light will be almost 
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completely transmitted by the second crystal. If now the second 
cr\'Stal is rotated around the ray of light as an a.xis so that the a.Kcs 
of the two crystals are inclined to each other, the intensity (»f 
the transmitted light tsill decrease and, when the axes of* the 
crystals are at right angles to each other, none of the light from 
the first crystal will pass through the second. If the rotation 
of the second crystal is continued until the axes of the crystals 
are again parallel, the light from the first crystal will be trans- 
mitted through the second. It is etddent that the light in pa.ssing 
through the first crystal has acquired properties which ordinary 
light does not possess. 

To see the meaning of this experiment, consider a stretched 
string (Fig. 681) in which the particles are vibrating in a plane 
perpendicular to the length of the string. If a block of wood with 
a slot in it is placed over the string, the vibrations will not be 



Fig. 6S1. — Mechanical analogue of polarisation of light. 

affected when the slot is parallel to the direction of vibration 
of the string. When, however, the slot is at right angles to the 
direction of vibration of the string, the vibrations will not pass 
beyond the slot. If the slot makes various angles with the 
direction of "vibration of the string, then that part of the vibratory 
motion which is parallel to the slot will pass through. If a 
second slot is placed over the string, the vibrations which pass 
the first slot vill also pass the second slot when the two slots are 
parallel to each other. When the slots are perpendicular to each 
other, the vibrations which pass the first slot will not pass through 
the second. 

The action of the tourmaline is now understood if we consider 
ordinary light to consist of a transverse wave motion in which 
the \ibrations take place in ail directions in a plane perpendicular 
to the direction in which the light is traveling. hen such a 
beam passes through the first tourmaline crystal, the crystal 
absorbs all the vibrations except those in a certain direction. 
These it transmits. \Hence, the emerging beam differs from the 
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ordinary light in that all the \dbrations are in one direction 
Such a ray of light is said to be polarized. If it falls on the second 
crystal of tourmaline, that crystal vnll transmit only those 
\dbrations which are parallel to a certain direction in the tournia- 
line crystal. For one position of the crystals all the vibratioiw 
are transmitted. Now if one of the crystals is rotated 90 deg 




(fe) 

Fig. 682. — (a) Polaroids with planes of transmission at right angles to ea^’h 
other. (&) Production of polarized light by means of polaroids. 

Polaroid Cor'porotion.) 

from this position, none of the vibrations are transmitted. For 
intermediate positions, part of the vibrations are transmitted. 

67fiu Polaroids. — A new type of polarizer known as a polar oid has been 
recently developed. It consists essentially of a flat lamination of polarizing 
film between plates of glass. Ordinary light falling on the film emerges as 
polarized light (Fig. 682a). The action of such a polarizer is like that of a 
tourmaline crystal. One component of the vibration is absorbed and the 
other transmitted and the vibrations of the emerging light all lie in one 
plane. The aperture of these polaroids may be made large and the intensity 
of the emerging light correspondingly increased. In this way their range of 
usefulness is increased. Figure 6826 shows two of these polaroids so 



l^ULAklZATIoX ASli >^A(‘i HA Ui M Ui:V n4A 

sirieiiU*J that iit the region where they overlap light falliiig on one of thon. 
uouhi net he transmitted by the other. 

676. Polarization by Reflection.- It i- iiei-t's-ary to asHuue ilmt 

light i> a transv(a\se wave liiotiuii in unler to understand tin* 
phenomena which reveal tht‘mseive> whoti light i>’ refieetoii 
from a clear plane glasi^. The light n*fha*tt*d in this way lias \'ery 
different properties from thost‘ shown hy tht‘ imadtait liithi. 
Let 3/ (Fig. 683) be a glass plate on whieh light is incident at an 
angle 6, Part of this light will b(‘ reflected in the direidion O/L 
If the reflected beam then falls on aiiotlna- plants glass Ah part 
of this beam is again reflected, 
original ray SO, the once-reflected 
ray OB, and the twice-reflected 
ray BC, lie in the same plane, the 
reflection at the mirror A" takes 
place with the least loss of light 
since little of the light penetrates 
the surface of the mirror Ah If 
tliis experiment is repeated for 
different angles of incidence, an 
angle of incidence will be found 
at which the light incident on the 
second mirror A" will be more completely reflected than for any 
other angle. 

' If now the mirror A^ is rotated through an angle of 90 deg. 
about the direction of the ray OB, and if 3/ and A^ be set fur 
different angles of incidence, there can be found a position fui' 
which the mirror N does not reflect any of the light which i< 
incident upon it but transmits all of it. This can be explained 
if we assume that light is a transverse wave motion and that for a 
certain position of the mirror 3f only the components of the 
incident \dbration parallel to the reflecting surface are reflected. 
In the reflected beam, all the \dbrations will be parallel to the 
surface of the mirror M and at the same time per]x*ndicular 
to the beam OB. In this way, the beam of light has beconn- 
plane-polarized. 3Vhen the beam OB is again reflected at Th(‘ 
mirror N, the glass vdll transmit those vibrations which are not 
parallel to its surface. Since, in the first ease, the mirror A'" 
is parallel to the mirror ikf and since the beam OB is composed 
only of \dbrations which are parallel to the surface of the mirror 


It A i> >u pla(‘ed that tlie 



Fn.;. »>sa. - Poiarizutioii ..f litrh? 
reflt'rTioii. 
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M, all of these \dbrations will also be parallel to the surfa(‘f 
of the mirror N and will be most largely reflected by that mirror. 
When, however, in the second case, the mirror N is rotated 90 deg! 
about the ray OB as an axis, the incident vibrations have no 
components parallel to the surface of the mirror N. Ail of the 
components are perpendicular to the surface of the mirror A. 
Hence, in this position, the glass N reflects none of the incident 
beam but transmits all of it. 

Only when the light strikes both M and N at an angle of inci- 
dence of about 57 deg. can a position of N be found for which 
it reflects no light at all; i.e., only for a certain angle of incidence 
is the reflected light found to be completely polarized. The 

angle at which light is completely polarized by reflection is called 
the angle of polarization. 

677 . Plane of Polarization. — When a beam of light is polarized, 
a plane can be imagined to be passed through the ray in such a 
way that the vibrations w’hich constitute the wave are at right 
angles to the plane. This plane is known as the plane of polariza- 
tion. If a stretched string is vibrating in a vertical plane, the 
horizontal plane is the plane of polarization. It would seem more 
natural to define the plane of polarization to be the plane in which 
the vibrations lie rather than the plane which is perpendicular to 
the plane containing the vibrations, but usage has determined 
that it be otherwise. 

Light is after all a complex system of wave motions, consisting 
of an electric field and a magnetic field at right angles to each 
other (Fig. 593) . In a plane-polarized wave, the electric wbra- 
tions all lie in the same plane, and the magnetic \dbrations in a 
plane at right angles to the plane containing the electric wbra- 
tions. The preceding definition of the plane of polarization is 
still valid, if it is agreed that the direction of vibration be assumed 
to lie in the plane containing the electric forces and that the plane 
of polarization be thought of as the plane containing the magnetic 
forces. The plane of polarization is then perpendicular to the 
plane containing the electric forces. 

678 . Double Refraction. — In the study of refraction it was 
assumed that the media had the same physical properties in all 
directions. In crystalline substances, like Iceland spar and 
quartz, the physical properties of the substances are quite 
different in different directions. When a beam of light passes 



POLARIZATKJS AXD .^ACCHARIMETRY 


645 


through such a crystal iFig. 684 u it is split up into two hcanis. 
tjiie of these beams obeys the ordinary Iaw> of refraction and for 
that reason is knotvii as the ordinary ray. The uiht^r iMaun 
called the extraordinary ray because it doe> not obey the ordinary 
laws of refraction. An examination of tlie>e two rays s!iow> 
that both are polarized and that tladr planes of polarizati^iii an^ 
perpendicular to each other. This fact is indicateil in Fig. 684 
by putting dots and crosslines on 
the rays to indicate the directions 
of the vibrations. 

Double refraction is easily ob- 
served by placing a piece of calcite 
on a piece of paper containing 
printed matter. On looking 
through the calcite at the printed 
matter, two images are seen, one 
produced by the ordinary ray and 
the other by the extraordinarj^ ray. 

The image from the ordinary ray 
seems nearer the observer than the 
image from the extraordinary ray. 

On rotating the calcite, the extraordinary image seems to rotat<‘ 
about the ordinary image. 

679. Nicol„Pri§.m. — One of the best methods of separating 
the ordinary from the extraordinary ray is by what is known as 
a Nicol prism (Fig. 685). A rhomb of Iceland spar AMBX is 
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Fig. <.)S4. — Double refraetion of 
calcite. The incident ray is split 
into two rays, the ordinary ray and 
the extraordinary rav. 



Fig. 685. — Isicol prism. The ordinary ray is eliminated by total reflection. 


cut into two parts by a plane JkfiV', w’hieh makes an angle of about 
22 deg. with MB. When the cut surfaces have been polished, 
they are cemented together with Canada balsam. Now the 
index of refraction of Canada balsam is less than that of Iceland 
spar for the ordinary ray and greater than that of Iceland spar for 
the extraordinary ray. These refractive indices are : 
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Canada balsam = 1.55. 

Iceland spar for ordinary ray = 1.658. 

Iceland spar for extraordinary ray = 1,468. 

The ray of light LC entering the face of the rhomb at C is 
broken up into the ordinary and extraordinary rays which arc 
polarized at right angles to each other. This is indicated by the 
dots and crosslines in the figure. When the ordinary rav 
reaches the surface of separation of the Iceland spar and the 
Canada balsam at D at an angle greater than the critical angle, 
it is totally reflected and emerges from the rhomb in the direction 
00'. This surface of the rhomb is ordinarily painted black and 
this ray is absorbed in this black coating. Because the index 
of refraction of the Canada balsam is greater than the index of 
refraction of the calcite for the extraordinary ray, total reflection 
in this case cannot occur, and the extraordinary ray is transmitted 
in the direction CF and emerges from the rhomb at the polished 
face BN. In this way, there is obtained a beam of light which 
plane-polarized; that is, all the vibrations lie in a single plane. 
Its intensity is only one-half that of the incident beam, the 
remainder of the light having been absorbed in the NicoL 

680. Rotation of the Plane of Polarization. — When a beam 
of monochromatic plane-polarized light passes through certain 
substances, the plane of polarization is rotated. Thus, if a plate 
of quartz w^hich has been cut so that the faces are perpendic- 
ular to the axis of the crystal is placed betw^een two Nicol prisms 
which have been so oriented that the second one excludes the light 
transmitted by the first, the light will no longer be extinguished 
by the second Nicol prism. If, however, the second Nicol prism 
is rotated about the ray as an axis, a nev' position can be found 
at which the light is again extinguished. 

This angle through which the plane of polarization has l>een 
rotated depends on the kind of substance interposed between the 
Nicol prisms, on the thickness of the substance, and on the wave 
length of light. The rotation may be either clockwise or counter- 
clockwise. In this respect there are two kinds of quartz. One 
kind rotates the plane of polarization clockwise; the other 
rotates it counterclockwise. Some liquids and gases also cause a 
rotation of the plane of polarization. When two substances are 
mixed together, the observed rotation is the algebraic sum of the 
rotations produced by the substances separately. 
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681. Specific Rotation. — llu* rDtaluui produinni by a rolusmi 
Ilf piin‘ substance whi(*h is 10 cm. \n length, is (allied the specific 
rotation. It depends on the wavt* length of the light and lie 
temperature of the suhstaiua*. It greater for liglit m: 
^Iiort wave length than for Hglit of iong wave hmgth. When 
a solution of an active substance in an inactive solvent is used, 
the rotation produced by a column of the solution 10 cm. in 
length is divided by the weight of the active substance in unit 
volume of the solution. This ratio gives the specific rotation 
of the dissolved substance. Suppose that A' g. a substam*c 
dissolved in an inactive solvent so that the volume of the suiutit»n 
is 100 c.e. If a length of 20 cm. of this s(»lmion mtates the plane 
of polarization d deg., then the spetafit* rotation of tlie Mibstance i- 

100^ 

“ 2:0A'‘ 

The specific rotation depends not only on the wave length of 
light but also on the temperature. 

682. Polarimeter. — The simplest way to measure th<^ rotation 
of the plane of polarization is to examine the sulistance betweeii 
two Nicol prisms. The Nicol prisms are first turned so that no 
light wdll pass through them. They are then said to be crosstab 
The substance to be examined is then inserted between the Nicols 
and the rotation of the plane of polarization <jl»t^rved by noting 

I'l 1 L j 

Fig. 686. — Diagram of poiarimeter. 


the amount which one of the Nicols must be rotated to |>rodu('e 
extinction again. In practice this is not a sensitive arrangemenr 
for measuring the rotation of the plane of polarization, for it is 
impossible to tell exactly when the light is extinguished. The 
field of \iew appears dark while the Nicol is rotated through an 
appreciable angle. For this reason, an auxiliary piece of appara- 
tus is added by which the sensitiveness of the instrument is 
increased. One of the methods of increasing the sensitiveness 
is represented in Fig. 686 which shows a poiarimeter. 
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Light from a source S (Fig. 686) passes through the lens L 
and is polarized by means of the Nicol Ni. For this reason thi^ 
Nicol is referred to as the polarizer. Between the polarizer and 
the tube T containing the solution to be studied is placed the 
small plate of quartz Q so .that it covers half the field of view 



'Fig. 687. — Polarimeter. {Courtesy Hilger & Co.) 

Half the beam of light passes through the plate, and the other 
half does not. This plate is cut parallel to the axis and is 
made of such a thickness that the ordinary ray passing through 
it gains in phase by one-half wave length over the extraordinary 
ray. In this way it is possible to make the plane of polarization 
of light which has passed through the quartz plate inclined at a 
small angle to the plane of polarization' of the light which has not 
passed through the plate. The field of view is then divided 



Ccry stall . 

Fig. 68Sa. — Apparatus for produciug interference fringes by means of 
converging polarized light. The crystal between the polarizer and the analyzer 
is doubly refracting. With white light we get colored interference patterns. 

into two parts, and instead of setting the analyzer for extinction, 
it is set so that the two parts of the field of view are equally illu- 
minated. This very much increases the accuracy of the setting. 

After passing through the tube jT, the light* passes through 
the Nicol the analyzer, and is observed through the telescope 
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LtLz with the eye at E. By ob.-;en’i;ip tlic rotatiou produced bv 
the solution in the tube T, the specific rotaiy })ower is detemuncd. 
This is a convenient method of determining the strength of 
sugar solutions or the strength of any other solution of a siii)- 
stance which produces a rotation of the plane of jxjlarization 
(Fig. 687). A crystal properly oriented and of proper thickmsss 
(Fig. 6S8a) gives beautiful interference patteras (Fig. 6SS6i 
between crossed Nicol prisms. 


683. Magnetic Rotation of the Plane of Polarization. — If phine-^Kikirizc^i 
light traverses an isotropic transparent mediuiii \vhii‘h is in a jK.)\veiiuI 
magnetic field, the plane of polarization is rotate<i by the UKKliurn when the 



(a) 


ib) (c) 





Fig. 6SS5. — Interference patterns from crystals placed in highly convergent 
monochromatic polarized light. Upper photographs from crossed Xicols: lower 
photographs from parallel Nieols. (a) Calcite ent perpendicular to the optic 
axis; (b) quartz cut perpendicular to the optic axis; (o quartz cut parallel to the 
optic axis; (d) aragonite cut perpendicular to the bisectors of the two optic axes. 
(From Fundamentals of Physical Optica by J enkins and WhUe untk permission of 
the authors.) 


light passes through the medium in the direction of the lines of magnetic 
force. The rotation of the plane of polarization in this case differs from the 
natural rotation of the plane of polarization by the fact that the direction 
in which the plane of polarization is rotated depends on whether the light 
passes through the medium from the north to the south pole of the magnet 
or in the reverse direction. The rotation is, therefore, doubled if the light 
is reflected back through the medium, but in the case of natural rotation, as 
in quartz or sugar solutions, the direction of rotation is the same whatever 
the direction in w^hich the light passes through the medium. In this case, 
if the light is reflected back through the medium, the rotation in passing 
one way just neutralizes that produced when the light passes in the opposite 
direction and the net rotation is zero. The magnetic rotation of the plane 
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of polarization is greatest in such substances as carbon disulphide or den.Ne 
flint glass. 

In Fig. 689 is represented a large electromagnet in which poles and corf^ 
have been bored out to allow the light rays to pass along the magnetic line^ 
of force. Light from an arc lamp L first passes through a Nieol prism P hv 
means of which it is plane-polarized. It then passes through the hole in the 
core of the magnet and then the block of glass C, by means of which the 
plane of polarization can be rotated. After emerging from the other end of 
the core of the magnet, the light passes through a second Nicol prism A. 
At first this second Nicol prism N is placed in such a position that it will 
just extinguish the emerging beam when the magnet is not excited. On 
allowing the current to flow through the coils on the magnet, the light again 
emerges from the second Nicol prism N. By turning the analyzing Nieol 
prism P until darkness is again produced, the amount and the direction of the 
rotation produced by the piece of glass can be measured. 





^ I 
7^— ji 


Fig. 689. — Magnetic rotation of the plane of polarization. 


Problems 


1 . Determine the critical angle for the ordinary ray passing from Iceland 
spar to Canada balsam. 

2. Find the specific rotation of a substance such that 20 g. dissolved in 
70 g. of water, forming a solution with a density of 1.21 g. per cubic centi- 
meter, produces a rotation of 35 deg. in the plane of polarization through a 
20-cm. column of solution. 

3. A solution of dextrose (specific rotation 52.5 deg.) causes a rotation of 
12 deg. in a column 10 cm, long; what is the concentration of the solution? 

4. Find the concentration of cane sugar in a tube which is 30 cm. long 
when the plane of polarization of sodium light, passing through the tube in 
the direction of its length, is rotated 30 deg. (Specific rotation of sugar = 
66.5.) 

6. Light of a certain wave length passes through a Nicol prism and is thus 
polarized. It then passes through a second Nicol prism whose plane sec- 
tion makes an angle of 60 deg. with the plane section of the first Nicol prism. 
What percentage of the light incident on the second Nicol prism emerges 
from it? 

6. Two Nicol prisms have their planes parallel to each other. One of the 
Nicol prisms is then turned so that its principal plane makes an angle of 40 
deg. with the principal plane of the other Nicol prism. What percentage 
of the light w’-hich is incident on the second Nicol prism is transmitted by it? 
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CHAPTKR lA'III 
ORIGIN OF QUANTUM THEORY 

684. Definition of a Black Body.--Aii idt'al «.r iMTtVct hhck hxUt 
is defined as a body the surface ut whicli ab'orlis all the radiatiun 
incident upon it. Although no such body actually l‘^'ist^. it luav 
be thought of as a surface covenal with a coating of lampblack. 
For experimental purposes a Idack body may be obtained by 
using a cavity in the side of which there is a small hole i Fig. 090:. 
Radiant energy will be emitted from each i>oint on the surface 
of the inner wall of the enclosure. This railiant energy falls on 
other points of the wall, where 
a part of it i.s reflected and a 
part is absorbed. Radiation of 
all wave lengths is reflected 
back and forth in this cavity 
until there is a certain uniform 
density of radiation throughout 

it. If the temperature of the fk, •««>. -.v soun-c hiack-ti.j<i.v 

wall i.s increased, the amount radiation. .Vll wave length.^ arc nres- 
„ . , . . cnr. 

of radiation per cubic centi- 
meter is also increased. If some of the radiation is allowed to 
emerge from an opening in the cavity and is examined by means 
of a suitable spectroscope, it is found that radiation of every wave 
length is present in it. The amount of energj' associated with 
each wave length differs from wave length to wave length, and 
the distribution of energx’ in the spectrum changes with the 
temperature. Such an enclosed cavity is called a “black body" 
and the radiation enclosed in it is called black-body radiation. 

686. Stefan’s Law. — The total radiation sent out by a black 
body increases with the temperature. The law governing this 
increase is known only for a body which has the power to absorb 
all the radiation falling on it, such a body being also an ideal or 
perfect radiator. The total energy emitted by such a radiator 

6iil 
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is proportional to the fourth power of the absolute temperature 
This law can be expressed as 

E = CT\ 

where E is the energy emitted per unit area of the black body 
C a constant, and T the absolute temperature. If one black 
body at a temperature Ti sends radiation to another surrounding 
it at a temperature T 2 , the net radiation sent by the first body to 
the second is 

E = C(Ti^ - ^2^). 

686. Wien’s Displacement Law. — As the temperature of the 
radiating surface is increased, the energy emitted in every wave 
length increases, but not in the same proportions. Light from a 
hot radiating surface changes its color as the temperature of the 
surface is raised. When the body becomes hot enough to be 
visible, it first appears red. With further rise of temperature 
the color changes to yellow and then to white. The curves in 
Fig. 691 show the relation between the energy emitted and the 
wave length. The intensity of the energy is small for radiations 
of short wave lengths and also for those of long wave lengths. 
For intermediate wave lengths, the energy has its maximum 
value. As the temperature is increased, the height of the 
maximum is increased and at the same time shifted toward the 
short wave lengths. This shift of the energy curve produces 
an increase in the proportion of blue in the emitted light, thus 
producing the change of color to which reference has already been 
made. Because the intensity of the visible radiations in an 
incandescent body is greater at high than at low temperatures, 
for great efificiency the filaments of incandescent lamps are heated 
to as high temperatures as possible. Hence, the modern gas- 
filled tungsten lamp is much more efficient than the vacuum 
tungsten incandescent lamp. 

Let T = the absolute temperature of the black body, and 
Xm = the wave length in microns at which the radiation 
is a maximum for a particular temperature (see 
Sec. 687). 

then 

TXm = constant = 2,900 micron deg. 

This law is known as Wien’s displacement law. 
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Example.— Wliat is the wave length of the mnxminm iritenHity of the 
radiation inside of a furnace at a ttanperatiire of 12(K)'C.? 

X r = coIl^ta^t. 

^ constant > 10’”« 

T *“ 1 : 473 ™ 

- 0.0(H)2 cm. 


687. Relation of Intensity of Radiation to Frequency.— The 

intensity of the radiation from a biaek laxly iFig. 69T varies 
with the frequency as well as with the temperature. The theo- 
retical interpretation of the relation l)etweeu the temiwature, 
the frequency of the radiation, and the intensity of the radiation 

proved to be one of the most 140 j 

difficult and important prob- 130^- — I — 1 

leins in modern physics. In ^20, !“ / : V — ^ — I 

1900, Planck decided it was “7 V ' 

impossible to solve this problem cq 7 ^ 

on the basis of classical ideas ^ so — 

about the nature of energy and *-S 10 1 U 

then introduced a new and J 60 1 J . 

revolutionary hypothesis. He - j / / ' 

assumed that the walls of the 30 j — J 

heated ca\dty which is filled 20; - 

with black-body radiation con- j 

tain a very great number of ^0 0 .D 01 aD02 0,003 o.D04 C-OOS coos 

vibrators or radiators. Each of length, mm. 

these radiators was assumed to 691.-Change of intensity and 

distribution of radiation with tempera- 
be able to xdbrate "v^dth a single ture. The maximum shifts to shorter 
well-defined frequency and thus at higher temperatures. 

emit radiation of a single wave length. The rate at which the 
energy is emitted from the walls of the black body must be related 
to the average amount of energy associated with each vibrator. 

When he had found the average energy of a radiator, in terms 
of its frequency and the temperature, he introduced the assump- 
tion that the energy of a given vibrator at any instant is equal 
to an integral multiple of some unit quantity of energy^ This 
unit of energy is called a quantum. It is related to the frequency 
by the equation, 

One quantum = e = hv, 

where A is a universal constant and v is the frequency of the 
radiation. The energy of a radiator at any instant consists 
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of a whole number of quanta. When radiation is emitted or 
absorbed, the emission or absorption takes place as entire quanta 
or bundles of energy. By an application of the laws of proba- 
bility to these quanta, it is possible to find the way in which they 
would be distributed among the different radiators. Since the 
walls of the cavity are in equilibrium wdth the radiation in the 
cavity, the distribution of energy betw^een the different fre- 
quencies in the cavity can be obtained. In this way, Planck 
obtained the following equation for the density of radiation of 
frequency v for a black body, 

, 8whv^ 

err ^ 1 

where h = 6.548 X 10“27 erg second = Planck's constant. 
k — R/N = Boltzmann's constant for one molecule. 
iV = Avogadro's number = the number of molecules in 
1 g.-molecule. 

c == the velocity of light in a vacuum. 

It is important to note that the amount ot energy in each of 
these quanta is proportional to the frequency of the radiation. 
In the case of the yellow light emitted by sodium : 

V = 6 X 10 ^^ vibrations per second. 
h = 6.54 X 10“27 erg sec. 
hv = 6.54 X 10-27 X 5 X lO^^ 

= 32.7 X 10-13 erg. 

688. Photoelectric Effect. — When a metal plate is illuminated 
by light from an arc lamp, it emits negative electricity. If the 
plate is completely insulated, it acquires a small positive charge 
and, hence, a small positive potential. When a certain potential 
is reached, the emission of electricity ceases. The emission is 
nearly stopped if a sheet of glass is interposed between the light 
and the metal plate. The glass absorbs nearly all the ultra- 
violet light from the lamp. Hence it is the ultra-violet radiations 
which are most effective in producing this emission. The alkali 
metals are very sensitive to this action of light and respond to 
rays from the luminous portions of the spectrum as well as to 
those from the ultra-violet region. 
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The^ effect ilue to the emis.''ioii of >lowIy moving 
t‘lectrons from the surface of the ]>lati*. Th«‘>e eIectroii> art* likt‘ 
those which make up the cathode ray< excerpt fur the fart that 
they move more slowly. The ratio of their ma>> to their t*hargf^ 
is the same as for cathode-ray parti<*les. The light imideiit ou 
the metal causes the emission of the>e <*leetrons \uth 
velocities, leaving the atom itself with a po>itivt* (‘barge. Th«‘>e 
electrons then escape from the surface until the metal has 
acquired a sufficiently large positive charge of eie(‘trii*ify to 
prevent more electrons from escaping. 

If the metal plate which emits photoele(‘trons has a positive 
t>otentiai T, the work to carry an electron of charge e away from 
the plate is If, because of the action of the light, the eie(‘tron 
is ejected from the atom with a velocity i\ the kinetic energx’ with 
which it leaves the atom is If tki*'^ initial energy of the 

electron is less than T>, its motion will be rev(*rsed and it will 
return to the plate again. 

The least initial velocity an 
electron can have and escape 
from the plate is given by the g 
equations, 

1 ^ 

Fig. (392. — Relaiion Vxnween frequenry 
. V j At. of light and energy of emitted eleetrons 

689. Relation between the 

Velocities of Photoelectrons and the Frequency of Light.— A 
linear relation has been found to exist between the maximum 
energy with which photoelectrons escape from the surface of the 
metal and the frequency of the light incident on the metal. If 
a cun-e be plotted between the frequency of the incident light and 
the corresponding energj' of the emitted electrons, a straight line 
is obtained (Fig. 692), showing that the energj' is proportional to 
the frequency of the light. In this figure, E = has been 

plotted on the vertical axis and v the frequency of the light on the 
horizontal axis, where m stands for the mass of the electron and 
the mgvlmiin-i velocity with which it escapes from the surface 
of the metal. 
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This straight line intersects the horizontal axis at some fre- 
quency Vo, which is characteristic of the emitting electrode' 
Unless the frequency of the light is as great as this frequency 
Vo, it ’null not cause the emission of photoelectrons. Hence 
there is a long wave-length limit beyond which light does not 
produce a photoelectric effect. 

The slope of the curve in Fig. 692 is independent of the nature 
of the metal. The equation of this curve is 

E = = h(v — Vo) = hv — 

where h is Planck’s universal constant. The left-hand side of 
this equation is the energy with which the electrons moving uith 
the maximum velocity v„ leave the surface; hv is the quantum 
of energy received by the atom from the incident light, and Ifo 
is the work necessary to remove the electron from the metal 

Example.— Light of wave length 0.00007 cm. is required to cause the emis- 
sion of electrons from a potassium surface. What is the energy neeessar\- 
to remove one of the least firmly bound electrons? 

— hv — w hv — hvo, 

where w == hvo - work to remove least firmly bound electron and 

^ 3 X 10^0 
"" 7 X 10-5 

Q V inio 

W ^ hvo ^ 6.55 X 10-27 

7 X 10 5 

= 2.8 X 10-12 erg. 

690 . Calculation of Planck’s Constant from Photoelectric 
Effect. — From a careful determination of the slope of this cun*e, 
Millikan has found the numerical value of the important constant 
h. If the ordinates are expressed in ergs and the abscissae in 
vibrations per second, then 

El = ^mvi^ = hvi — Wo. 

Ei = = hv2 — IFo. 

i,_E2-Ei 


^2 — Vl 


{V2 — J'l) 


= 6.57 X erg second, 
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where == the maximum velocity of the electrons for frequency 

n = the maximum velocity of the electrons for frequency 

691. Photoelectric Cells. — A typical photoelectric cell consists of a 
sealed glass bulb (Fig. 693 or 694} containing an atmosphere of gas at low 
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GafvcstnOiTreier^ 


B 

Bsrffery 

Fig. 693. — Photoelectric ceil with sensitive material on walls of tube. 


pressure. In this bulb there are two electrodes, one of which is sensitive 
to the light. In Fig. 693 the photosensitive material is an alkali metal 
such as potassium, w’hich is spread on the inside wnll of the glass bulb. It is 
connected to the exterior of the bulb by means of a sealed-in wire ITh w'hieh 
in this case forms the cathode. The other electrode, wdiich is the anode, is a 
simple metallic ring connected with a second wire IFs, w’hich is carried 
through the stem of the bulb. The tw'o electrodes are connected through a 
battery B and galvanometer G. The operation of the cell consists in allow'ing 
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Fig. 694. — Photoelectric cell with sensitive material on central cathode- 


light to fall on the cathode through the w'indow 0 and measuring the result- 
ing current by means of the galvanometer G. 

In another type of photoelectric cell (Fig. 694), the wralls of the cell are 
covered with a non-light-sensitive material such as silver. The photo- 
sensitive material is coated on a relatively small electrode placed at the 
center of the bulb. Just as in the other type of ceil, light is allowred to pass 
through the window 0 and to fall on the photosensitive substance which 
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in this case is on the central -electrode. The resulting current is measured 
in the galvanometer, but its direction is opposite to that which it had in the 
other type of cell. 

692. Barrier-layer Photoelectric Cell. — A barrier-layer photoelectric eel! 
(Fig. 695) consists essentially of a thin metal disk A on which there is a film 
of light-sensitive material B. In contact with this light-sensitive material 


L/ghf ivcri^'es 



Fig. 695. — Barrier-layer photoelectric cell. The incident light develops a differ- 
ence of potential. 


is a collecting ring C. When the sensitive surface is illuminated with light, 
an electromotive force is generated between the sensitive layer B and the 
metal disk A . The electronic current thus produced flows from the sensitive 
layer to the metal plate across their surface of separation. No external 
electromotive force is necessary. In one form of these cells a thin coating 
of silver on a layer of cuprous oxide rests on a copper plate. In another 
form a thin coating of gold on a layer of selenium is used in contact with an 
iron plate. The current can be measured with 
the galvanometer G. The greater the intensity 
of light on the sensitive surface, the greater is 
the current in the galvanometer. 








. (a) (6) 

Fig. 696. — (a and b) A barrier-layer photoelectric cell used as a foot-candle meter. 
{Courtesy Weston Instrument Company.) 


The principle of this cell has been applied to the construction of a simple 
foot-candle meter (Fig. 696), by which the intensity of light can be directly 
observed. The essential part of the instrument is one of these barrier-layer 
photoelectric cells which produces a current proportional to the intensity 
of the light falling on the sensitive layer. A milliammeter connected to the 
cell gives the electronic current. The instrument can be calibrated to read 
directly in foot-candles. 
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693. Transmission of Pictures over Telephone Lines.—Tlie probif-ni of 

transmitting pictures electrically from one place to another reiiuires I 
means for translating the lights and shades of tlt<* picture into tlie character- 
istics of an electric current, i2‘; an elec- 
trical transmission channel capable of 
faithfully transmitting the characteris- 
tics of the electric current, and *3) a 
means of translating the electrical 
signals as received into lights and shades 
corresponding to their values in the 
original picture. 

The picture to be transmitted is pre- 
pared in the form of a film transparency 
which is bent in the form of a cylinder. 

This cylinder is mounted on a carriag(* 
which is moved along its axis by means 
of a screw at the same time the cylinder 
is rotated. A small spot of light thrown 
on the film is thus caused to traverse the 
entire area of the film in a long spiral. 

The light which passes through the 
cylinder varies in intensity with the . J e 

tone value of the picture. Figure 698 
shows the optical arrangement for pro- 
jecting the spot of light upon the film 
t^anspa^encJ^ 

The. transformation of this light of 
varjdng intensity into a variable elec- 
tric current is accomplished by means 
of an alkali photoelectric cell. Such a Fig. 697. — A photoelectric cell, 
cell consists of a vacuum tube in which (Courtesy Centred Scieutific Com- 
the cathode is an alkali metal such as 

potassium. When this metal is illuminated, electrons are emitted. As the 
film on the cylinder is rotated and advanced, the illumination of the cell and, 
consequently, the current from it register in succession the brightness of 
each elementary area of the picture. 



Fig. 698. — Sending apparatus for transmitting pictures over telephone lines. 

The current from the photoelectric cell then traverses the communication 
line to some distant point. At this distant point it is necessary to ha\e a 



4 
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device for retranslating the current into light and shade. This retranslatioa 
is accomplished by means of a narrow ribbon-like conductor (Fig. 699) Ijijjg 
in a magnetic field in such a position as entirely to cover a small aperture 
The incoming current passing through this conductor causes it to be deflected 
to one side by the interaction of the current and the magnetic field. The 
aperture beneath the ribbon is thus exposed, and the light passing through 
this aperture is varied in intensity. If this light then falls on a sensitive 
photographic film, the exposures on the film will be proportional to the 
lights and shades of the original picture. 

In this simple scheme the photoelectric cell gives rise to direct currents 
of varying amplitudes. Commercial long-distance telephone lines are not 
designed to transmit direct currents so that in practice these photoelectric 
currents are superposed on a carrier current which has a frequency of about 
1,300 cycles per second. The variations in this carrier current, because 



Fig. 699. — Receiving apparatus for transmitting pictures over telephone lines. 

of the superposed photoelectric currents, is what is really transmitted over 
the line wires. Moreover, the photoelectric currents are very weak in com- 
parison with the ordinary telephone current, and for this reason the photo- 
electric currents are amplified by means of vacuum-tube amplifiers. When 
these variations m the carrier current, caused by the changes in the photo- 
electric current according to the lights and shades of the picture at the send- 
ing end, traverse the ribbon at the receiving end, the aperture is opened and 
closed with each pulse of the alternating current. In this way, the lights 
and shades of the original picture are reproduced. In order that the lights 
and shades traced out on the receiving cylinder shall produce an accurate 
copy of the original picture, it is necessary that the two cylinders rotate at 
the same uniform rate. This condition demands the use of accurate tuning 
devices which are too compHcated to be discussed here. 

694. Series Relations in Spectra. — ^In the optical region of 
the spectrum, relations were early observed between the fre- 
quencies of the spectral lines of certain of the elements. It 
was found that these lines could be arranged accurately in 
sequences which are called series. The similarities among these 
series of spectral lines of different elements indicated that there 
is a fundamental way of interpreting these spectra in terms 
of the characteristics of the atoms. In 1913, Bohr made a 
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significant contribution to the understanding of such spectra 
by the introduction of the concept of radiation quanta, which 
had been introduced by Planck to explain the fundamental law 
of the distribution of energy in a black body. The coiK*ept 
that energy exists in the form of grains or quanta is essential to 
Bohr’s theory and its later revisions and extensions. 

Moseley found similar series relation between the lines in the 
characteristic X-ray spectra of the elements. An interpretation 
of these spectra also required the assumption that energy' exists 
in the form of quanta. Hence, the necessity for a quantum 
theory of radiation becomes more and more evident. 

In later sections the details of these spectral series and their 
significance for an understanding of the structure of the atom 
will be more fully discussed. 


Problems 

1. If a furnace is closed in such a way that it can be considered a black 
body and its temperature is 1500°C., what is the wave length at which the 
intensity of the radiation is a maximum according to Wien's displacement 
law’? 

2. To w’hat temperature must a black body be raised in order to double 
the total radiation given out by it, if the present temperature is 927°C.? 

3. What is the temperature of a black body which gives out radiation 
w’hich has 5.5 X lO""® cm. for the w’ave length at w’hich the radiation is a 
maximum? 

4. The surface of a radiation pyrometer receives 0.1 cal. per second from 
a furnace whose temperature is 727°C. How many calories per second will 
it receive w’hen the temperature of the furnace is 1227“C.? 
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RADIOACTIVE SUBSTANCES 

,696. Radioactive Substances.— There are in nature certain 
substances -which are in a state of spontaneous disintegration 
These substances are known as radioactive substances. The most 
important of them are uranium, thorium, and radium. 

In. 1896, Becquerel found that compounds of uranium emitted 
rays which give an impression on a photographic plate -vrhich 
is covered with black paper. They were able to pass through 
thin sheets of metal and other substances which are opaque to 
light. They also possess the important property of discharging 
a body which is electrified either positively or negatively. This 
property of discharging an electrified body is found to be due to 
the fact that these rays produce ions in the gas through which 
they pass. 

It was soon found that this property of emitting penetrating 
radiations is not confined to uranium and its compounds. Tho- 
rium and its compounds and minerals containing thorium have 
this same property. 

By studying radioactive minerals which contained uranium 
and thorium, the Curies found that these minerals often contain a 
substance which is much more radioactive than either uranium 
or thorium. This element was finally isolated and called radium. 
It is derived chiefly from pitchblende and in the pure state 
possesses the property of radioactivity in an astonishing degree. 
In order to obtain a few decigrams of radium, it is necessary to 
start -with several tons of pitchblende. Except for the fact 
that the pitchblende is examined by an electrical method, the 
radium in it could not be detected. 

Other radioactive elements have also been isolated. These 
three, however, are typical of this whole group of substances. 

696. Nature of the Radiations. — Three different types of 
radiations are emitted by radioactive substances. These radia- 
tions for bre-vity are called alpha rays, beta rays, and gamma rays. 
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1. The alpha rays are very" easily absorbed by thin metal foil 
or by a few centimeters of air. They" affect a photographic |)!ate; 
cause many' bodies to iiuoresee brilliantly; and intensely ionize 
the air through which they pass. They consist of |>ositively 
charged particles projected from the parent atom with a velocity 
about one-tenth the velocity" of light. They are deflected by 
both an electric and a magnetic field. 

2. The beta ray's are more penetratirig than the alpha rays. 
They" consist of negatively charged particles which are pro- 
jected from the atom of the radioactive substance with a vekxdty 
which is nearly, b ut not quite, as 

great as^ he yjelocity of light. In 
an electric and magnetic field they 
are deflected just as cathode rays 
are deflected. Becau.se of their \ 

la rger ve locitie s and smaller mass , 
they are much more penetrating 
than the alpha particles. They 
can penetrate a c onsiderable thick- 
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ness of a solid or liquid before they Too—Deflection of alpha and 

^ beta particles by a magnetic neld. 

are completely absorbed. They" 

produce much less ionization in the gas through which they pass 
than do the alpha particles and are less active photographically 
than alpha particles. 

3. The gamma ray's are extremely , penetrating and are not 
deflected by eith er a magnetic or an electric field. They are not 
so active photographically as either the alpha or beta rays, and 
their fluorescent and ionizing powers are also less intense. Their 
nature is entirely different from that of the alpha or beta ray's. 
They are electromagnetic pulses like very penetrating X-rays 
or of light of extremely short wave length. 

4. Figure 700 show's the w'ay in w'hich the alpha particles, the 
beta particles, and the gamma rays are affected by a magnetic 
field -which is perpendicular to the plane of the figure. The 
alpha particles which are charged positively are deflected in 
one direction. The beta particles w'hich are charged negatively 
are deflected in the opposite direction. The gamma rays are 


undeflected. 

697. Nature of the Alpha Particle —The alpha particle is n ow 
known to be an atom of helium w hich has lost t wo elect rons and, 
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therefore, c arries tw o charges of , positive electricity. The proof 
of this important fact is found in the following experiment. A 
thin-walled glass tube A (Fig, 701) was sealed into an outer tube 
B which was highly exhausted and connected to a small discharge 
tube C. To prove that there was no connection betw^een the 
inner tube A and the outer tube B, the former w^as filled \\ith 
helium under pressure and left for some hours. No trace of 
the spectrum which is characteristic of helium was found at that 
time in the discharge tube C. The helium was carefully removed 

from the tube A which w^as then 
emanaf/ot filled With the emanation froin 

radium and the tube allowed to 
stand for some time. The walls 
of the glass tube A were suffi- 
ciently thin that alpha particles 
from the emanation could pass 
through them. They were, how- 
ever, stopped by the thicker 
walls of the tube B. After a few 
hours the spectrum of helium 
was visible in the discharge 
tube C. The spectrum became 
brighter the longer the experi- 
ment was continued. As the 
alpha particles were the only 
particles entering B during the 
alpha particles are atoms of helium, progress of the experiment, it IS 

evident that the alpha particles 
must be nothing more than the atoms of helium. 

698. . Counting Alpha Particles. — It is very important to know 
the number of alpha particles emitted by a radioactive material 
in a given time. The most obvious method is some form of 
scintillation method in which the number of scintillations pro- 
duced each second is counted. In this method there is a possible 
error because it may be that some of the alpha particles, for one 
reason or another, do not produce scintillation when they strike 
the screen. The following method of counting alpha particles 
was devised by Rutherford and Geiger: The radioactive material 
supplying the alpha particles is placed on a point R (Fig. 702). 
The alpha particles from it pass through a small opening at S 
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and enter a metal C 3 ’linder. Each alpha particle producf> a 
number of ions in passing through the gas in the cj'linder. Thi'sc 
ions increase the conductivitj' of the gas. Since the wa!!,- of 
the cj-linder are connected through a batterj- to the earth, there 
will be a current through the gas in the chamber to the insulated 
electrode E which is iii-side the chamber. This elect ro<le is 
connected to an electrometer bj' means of which the current 
in the gas can be measured. An increased deflection of the 
galvanometer will indicate that an alpha particle has entered the 
chamber and produced an increased supplj' of ions. When 
these ions have been removed bj' the electric field, the deflection 
of the galvanometer will return to its normal valu('. 

I I I 

Co/, her; •'a 
f/ec^rc^Q 



ToCctrth 

Fig. 702. — Apparatus for counting number of alpha particles. 



Radium C 


699. Absorption of Alpha Rays by Matter. — If a layer of radio- 
active .mateiid is. and §UQcest?ive thin sheets 
o f aluminum leaf are placed, oyer, this layer, the activity of the 
al pha rays passing through these sheets is gradually reduced. 
It is best to work vith a pencil of rays which are nearly parallel, 
so that the length of path traveled by each particle is nearly the 
same. If such a pencil of rays is allowed to fail on a fluorescent 
screen, the number of particles failing on the screen can be found 
by counting the scintillations produced by the impact of these 
particles against the screen. The decrease in the number of 
these scintillations as different sheets of aluminum are added gives 
a measure of the power of the aluminum to absorb these rays. 
The number of scintillations per second on the screen remains 
constant until the thickness of the material reaches a certain 
critical value. When this critical value is reached, the scintilla- 
tions suddenly cease. Figure 703 shows that, as the distance 
traveled in air is increased, the number of scintillations at first 
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remains the same but decreases rapidly near the end of the range 
There is thus for each substance a definite thickness which all 

the rays can penetrate. This 
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Fig. 703. — Range of alpha particles in 
air. 


t he particles for that substence^ 

This range dependronlyrnTthe 
velocity of the rays and the 
nature of the absorbing sub- 
stance. The range of these 
particles from radium C is 
7.0 cm. in air at atmospheric 
pressure. 

If the rays are traveling 
through a layer of gas, at least part of their energy is used to ionize 
the gas through which they pass. Figure 704 is a photographic 
record of the ions produced by 
alpha particles passing through 
air containing water vapor. 

700. Scattering of Alpha 
Particles. — In the discussion of 
the absorption of alpha parti- 
cles by matter, it was assumed 
that these particles travel in 
straight lines. In the main, 
this assumption is true. There 
is, however, a possibility that 
a collision between an alpha 
particle and a molecule may produce a deflection of the former 
from its original path. By observing the scintillations on a 



Fig. 704. — Tracks of alpha particles 
made visible by condensation of water 
vapor on ions produced by the particles. 


^ o 


fluorescent screen, Geiger found that in 
many cases the individual alpha particles 
were deflected from their original paths 
before reaching the end of their course. In 
passing through a thickness of gold equi- 
valent in stopping power to a layer o f air 
Fig. 705.— Scattering SLflSup.m. J}hick, the alpha particles sufferer 
of alpha particles. average deflectio n of 7 deg. Once in a 

while a particle was deflected through a much larger angle than 
this. The smaller the velocity, the greater is the scattering. 
This deflection is shown diagrammatically in Fig. 705, where 
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{X)sitively charged alpha particles are represented as passing 
through a piece of matter. Figure 706 shows a more detailed 
picture of a collision between an alpha particle ami the nueh us of 
an atom and Fig. 707 a photograph of the deflection caused by 
the collision of an alpha particle with an atom. 



Fig. 706. — Collision of alpha particles with the nin'icus of an atom 

701. Nature and Properties of Beta Rays. — The beta partiekv 
are electrons ino\’ing with very high velocities. They have a 
penetrating power w^hich is much larger than that of the alpha 
particles and will pass through absorbing sheets of matter which 
areiOO times ag thick as that required to .stop the alpha particles. 
The less the velocity with w^hich these particles move, the more 
easily are they absorbed. The ratio of the charge to the mass of 



Fig. 707. — Track of an alpha particle showing collision with the nucleus of an 

atom. 

these particles can be determined by the same methods which 
w^ere used to obtain these quantities for an electron. This ratio 
is found to have the same value which it has for an electron. 

702. Nature and Properties of Gamma Rays. — As already 
pointed out, the gamma rays are entirely different in nature from 
the alpha and the beta rays. Tbey.are electromagnetic disturb- 
ances, while the alpha and the beta particles are material parti- 
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cles. The gamma rays do not carry a charge of electricity and 
are not deflected by either an electric or a magnetic field. They 
are like the most penetrating t 3 rpe of X-rays. When their inten- 
sities are large enough, they produce a luminosity on a fluorescent 
screen and affect a photographic plate. Their wave lengths have 
been measured and are found to be less than the wave lengths of 
the most penetrating X-rays. 

703. Disintegration of Uranium. — Uranium and its salts have 
been found to give off alpha, beta, and gamma rays. Crookes 
found that by a single chemical operation it is possible to obtain 
uranium which is not photographically active. At the end of 
this chemical operation, there is a small residue to which was 



Time, days 


Fig. 708. — Rise and decay of the activity of a radioactive substance. 

given the name of uranium X. This residue is many hundred 
times as active, weight by weight, as uranium itself. When this 
residue (uranium X) and the uranium from which it was extracted 
are laid aside in separate vessels for 2 or 3 months, it is found 
that the uranium has recovered the whole of its original acthity, 
while the activity of the uranium X has completely disappeared. 
The loss of the activity of the uranium caused by the chemical 
treatment thus proved to be only temporary, and the acthity 
of the uranium X was equally short lived. The total activity 
of the uranium and the uranium X at any given time is constant. 
The gain in the activity of the uranium is just compensated by 
the loss in the activity of the uranium X. The way in which 
these activities vary with the time is represented in Fig. 708. 

This peculiar behavior of uranium can be easily explained by 
assuming that uranium disintegrates slowly and in this way 
produces the new substance, uranium X, which is very radio- 
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active. This new substance, uranium A', in turn <!isint<'sratr- 
and produces other substances. Ordinary uranium is tlmi a 
mixture of several substances, all of which are in a j>roca^-< of 
more or less rapid disintegration. A state of equili!>riiini is 
reached when the decrease in the amount of tliese product > 
disintegration is just equal to the rate at whi<*h these firodiicts 
are being formed by the parent substance. During tlie |)ruce>< 
of disintegration uranium gives off an alplia particle, tlmt is, a 
charged atom of helium, and produces uranium A”. This sub- 
stance in turn disintegrates into another radioactive substance, 
ionium, which is also unstable. The process thus continues. 

704. Nature and Properties of Radium. — The principles whitdi 
explain radioactive changes will be better uiiderstotxl by con- 
sidering in detail the radioactive changes which take place in 
radium. This substance is now definitely known to be an ele- 
ment with an atomic weight equal to 226. The conversion of 
uranium into radium is accompanied by the expulsion of three 
alpha particles, each of which has a mass of 4. Thus, on the 
disintegration theory, the atomic weight of radium should be less 
than that of uranium by 3 X 4 = 12 units. The atomic weight 
of radium on this basis should be 238.2 — 12 = 226.2. This 
value is in satisfactory agreement vdth the observed value, 226. 

1. Radium Emanation. — The finst product of the disintegration 
of radium is a heaty inert gas known as radium emanation. A 
sample of pure radium emits this gas at a constant rate. Its 
formation is accompanied by the emission of an alpha particle. 
Radium emanation is itself an element. It has a characteristic 
spectrum which differs from that of radium. Its atomic vyight 
is 226.0 — 4.0 = 222.0 . It liquefies when its temperature is 
reduced to — 65^C. at atmos pheric pressure. In other respects 
also it behaves like a gas. It belongs to the group of inert gas es 
and is sometimes called radon. 

2. Radium A, B, and C. — If the emanation is enclosed in a 
tube, it disintegrates, and the products of this disintegration 
collect on the walls of the tube. The immediate products of this 
disintegration are three in number. They are called radium A, 
radium R, and radium C. These products are short-lived. The 
most stable of them decays to one-half of its original value in 
26.8 min. Unlike the radium emanation, these products of dis- 
integration have the nature of solids. Radium A is produced 
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when one alpha particle is expelled from one atom of the radium 
emanation. The atomic weight of radium A is thus 4 units le^ 
than th\t of the radium emanation. This gives it an atomi 
weight of 222.0 - 4.0 = 218.0. Radium B is likewise product 
from radium A when one alpha particle is ejected from an atom 
of radium A. Consequently, the atomic weight of radium B 
is 4 units less than that of radium A and is therefore equal to 
218.0 — 4.0 = 214.0. When an atom of radium B gives off a 
beta particle, an atom of radium C is produced. Since the beta 
particle has a very small mass, the removal of a beta particle 
does not materially decrease the atomic W' eight so that the atomic 
weight of radium C and radium B is essentially the same. 

oc-partide a-parfide cC'parffde p-pcKrfich (x.'parffcfe 

Rofdium Emanafion Radium A Radium B Radium C Producfsof 

slow decay 

Fig. 709. — Disintegration of radium atom. 


3. Radioactive Products of Slow Change . — Radium C breaks up 
with the expulsion of an alpha particle and a beta particle to 
form radium D, which is a radioactive product with a long life. 
It takes years for its activity to decay to one-hah its original 
value. During the transformation it gives out only slow moving 
beta particles. The succeeding product is radium E. In its 
transformation to radium F, it gives off beta particles and gamma 
rays. The atomic weight of radium E and radium F is thus the 
same. It takes 5 days for its activity to decrease to one-half of its 
original value. Radium F, which is the product of the decay of 
radium E, ejects an alpha particle and thus gives rise to a new 
substance of atomic weight 210.0 — 4.0 = 206.0. From radium 
F there is thus finally produced radioactive lead, having an 
atomic weight of 206.5. 

The table shown on page 671 gives in detail these transforma- 
tions for radium, and Fig. 709 represents them diagrammaticaJly. 

706. Age of the Earth- — Since each alpha particle is an atom of helimn 
which has lost two electrons, helium must be in the process of formation 
in all minerals containing radioactive substances. Many minerals found 
in the crust of the earth contain uranium, which is a radioactive substance. 
The number of alpha particles given out by 1 g. of uranium in equilibrium 
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with its radioactive prodia*t> has been found to be 0.7 X 111* per nroiid 
Hence, each gram of uraiduni produces eae’h year II X 10 ' Lt-iram, 

If this helium were all occluded and retaineti hy the miia-rai, the num 
the amount of helium to the amount of ura!uum would e an t-'-tiinate 
of the age of the mineral. Witliout doubt >innv of tht^ helium e>rapes 

Uranium-hadium Series 


Substance 

Radioactive 
constant in 
(seconds}"^ 

Half-value 

period 

Radi- 

ations 

emitted 

Range of 
alpha 
particles 
in air in 
,eeriti meters 

Uranium 1 * 

Uranium Y 

Uranium Xi 

4 X lO-*" 

5 X 10-« 

3 X 10-J 

5 X 103 years 

1 . 5 days 
24.6 days 

a 

#5 (sloWi 
^ (slow) 

2 37 

Uranium X 2 , 

.0 X 10-2 

1 . 15 min. 

0 


j 

Uranium 2. . . 

1 

X 10-“ 

2 X 10' years 

a 

2 75 

. 1 

lomum 

X 10-“ 

2 X 102 years 

a 

2. 85 

Radium 

.23 X 10-21 

1730 years 

a 

3.13 

I 

Radium emanation. 

.085 X 10-« 

3.85 days 

\ 

a 

3.95 

Radium A . 

,85 X 10“b 

3.0 min. 


4.50 

1 

Radium B. 

.33 X 10-^ 

26.7 min. 

)8 (slow) 


Radium (7®. 

Radium Ca. 

Radium Ci. 

Radium D. , 

.93 X 10-^ 

.3 X 10-2 

.3 X 10-3 

19 . 5 min. 

1.4 min. 
10“® sec. 

16 . 5 years 

a 

j3 (slow) 

6.57 

RadiW E. 

.6 X 10-fi 

5.0 days 

0 (slow) 


Radium F (i>olo“ 
nium) 

5.90 X 10-8 

136 days 


3.58 


?Lead 


® The production of radium Ci from radium C is attended by the expulsion 
of a beta particle only. The expulsion of an alpha particle from radium f ' 
produces radium C2. As this alpha gives rise to the branch series only, it s> 
omitted from the table to avoid confusion. 

from the mineral and this estimate of the age of the mineral would be too 
low. A determination of the uranium and helium in different kinds of 
rocks has shown that the ratio of the amount of helium to the amount of 
uranium is largest in those formations which, from geological considerations, 
are known to be the oldest. In this w^ay Strutt has found the ages of the 
following rocks: 
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Eock 

Oligocene 

Eocene 

Carboniferous 
Archaean 


Age, in Years 
8,000,000 
31,000,000 

150.000. 000 

700.000. 000 


706. The Heating Effect of Radium. — Since the various radia- 
tions from radioactive substances are emitted with very high 
velocities, it is e\ddent that radioactive substances must be giving 
off energy in considerable quantities. If, for example, radium 
is enclosed in a small vessel with walls of sufficient thickness to 
absorb all the alpha and beta particles wffiich it emits, its tem- 
perature will be higher than that of the surrounding medium. 
Because the alpha particles have much larger masses than the 
beta particles, they carry most of this energy. One gram of 



Fig. 710. — Apparatus to measure the heating effect of radium. 


radium in equilibrium with its short-lived products produces 
from 120 to 130 cal. of heat per hour. 

The heat generated by a radioactive substance can be meas- 
ured by means of an apparatus designed by Duane. The radio- 
active substance is placed in a bulb A (Fig. 710) which is 
connected to a second bulb B of the same size. Both bulbs con- 
tain a volatile liquid like ether. A small drop of mercury X acts 
as an index to show the equality of pressure in both bulbs. Since 
the radioactive substance in A emits heat, the temperature of 
A will be greater than that of B, and the vapor pressure of the 
liquid in A will be greater than its vapor pressure in B. The 
movement of the index X gives a measure of this inequality of 
temperature. This heating effect due to the radioactive sub- 
stance in A can be measured by passing a current of electricity 
through a coil of wire immersed in B. By adjusting the current 
in this coil until the index remains stationary, the emission of 
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the heat by the radioactive sulx-^taiiee is made ec|ua! to ihe hvm 
generated in the coil. An emission of heat equal to 0.0iHI2 eal 
per second can be determined in this way. The eia^nry the- lib- 
erated by radioactive substances is derived from the iuti'riial 
eiiergv" of the atoms themselves. 

707. Chemical Action of Radium.— Certain metals like men-ary, a-ima- 
imm, and lead undergo oxidation when exposed to iht* radiatioii- froif. 
radium. Platinum is attacked by radium salt- in somti(»n, and mdium 
emanation causes w'ater partially to decomi>ose into hydmgen aiid r-xy^i n. 
In some cases, the beta rays from radium produce a syiitlieti<‘ effect. Tfin>, 
when a mixture of hydrogen and chlorine is expo-ed to beta ra\.-, there i,> 
a combination of hydrogen and chlorine to form hydrochloric a«*id. WIh'U 
paraffin wax is exposed to radium and its emanations, it hard ami 

brittle and acquires a brownish tinge. If liquid paraffin is ex|x^-ed to the 
emanation from radium, it acquires a dark color and l-e<'om(*s opaque^. 
The effects produced in the more complex organic sii!«stances are extremely 
varied and highly complicated. 
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708. Thomson’s Atomic Model. — A model of the atom pro- 
posed by Sir J. J. Thomson assumed that the positive eleetrieitv 
is distributed uniformly throughout a sphere which has a radius 
equal to the radius of the atom. Inside of this sphere there b a 
number of electrons such that the amount of negative electricity 
on the electrons is just equal to the amount of positive electricity 
in the sphere. These electrons are supposed to be embedded 
ill the sphere of positive electricity somewhat like plums in a 
pudding. This model of the atom was very successful in repre- 
senting many of the more obvious chemical and physical prop- 
erties of the atoms. It has, however, many limitations. For 
example, it cannot account for the emission of light by atoms 
when they are in the excited state. 

709. Rutherford-Bohr Atomic Model. — The atomic model pro- 
posed by Thomson was entirely replaced by one proposed by 
Sir Ernest Rutherford. According to this model an atom con- 
sists of a positively charged nucleus which is very small compared 
to the size of the atom. In this nucleus is located nearly all the 
mass of the atom. Around this nucleus there is a distribution 
of planetary electrons in orbital motion. The total charge on 
these planetary electrons is just equal to the net positive charge 
on the nucleus. This atom is like a planetary system vith the 
nucleus replacing the sun and the electrons replacing the planets. 
The size of these central suns differs from atom to atom, and the 
number of planetary electrons also differs from atom to atom. 

The mass of the atom is almost completely determined by the 
mass of the nucleus. The chemical and most of the physical 
properties of the atoms are deternjined by the planetary elec- 
trons. For some problems, however, the behavior and distri- 
bution of the electrons around the nucleus are of no great 
importance. For example, they play no appreciable part in the 
large angle scattering of alpha particles. To explain the emission 
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of iigiit by atoms, it is necessary to have a detailed picture of thr 
orbits and movements of these planetary electrons. TIiom* orldt> 
are distributed in three dimensions and becuna* very eoiiiplicateii 
for atoms of high atomic weight. 



710. The Hydrogen Atom. — In the normal (*ondition the 
hydrogen atom (Fig. 711; consists of a positive nucleus and one 
planetary electron in orbital motion about this nucleus. Latoi- 
developments in physics have shown that the eka-truu can not In* 



Fig. 712. — Pictorial representation of an electron as if it were a ring the 

nucleus. (H. E. White.) 

accurately considered as if it were in orbital motion about the 
nucleus. It must rather be considered as a ring of electricity 
about the nucleus (Fig. 712). For an elementary discussion, the 
concept of orbits is helpfuld When the electron is by any means 

1 The Rutherford-Bokr atomic model has been modified and txtetided and in 
large measure replaced by ynore powerful methods of description ami analysts. 
Since it is impossible to present these more accurate ami snfiicient idea.s about 
the structure of the atom in an elementary texty the language and concepts of 
the Rutherford-Bohr atomic model have been retained as a first approach to 
subatomic physics. 
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torn away from the hydrogen atom, the nucleus alone remain^ 
with a single positive charge of electricity on it. It is then a 
positive hydrogen ion W'hich is the same as a proton. With it 
is associated nearly all the mass of the hydrogen atom. The 
positive charge on this single proton is just equal to the negative 
charge on the electron so that the atom in the normal condition is 
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neutral. 

Since there is an attractive force between the proton and the 
electron, the electron would fall into the proton just as the earth 
would fall into the sun except for the fact that the former h 
revohdng about the latter. It is, however, assumed that the 
attractive force between the proton and the electron just balances 
the centrifugal force. Such a motion of the electron would 
normally be accompanied by a continuous radiation of energ}\ 
This loss in energy would cause a decrease in the speed of the elec- 
tron w^hich would gradually come closer and closer to the nucleui?. 
Apparently this does not happen, and Bohr has assumed that 
the electron does not radiate energy v/hen moving around in its 

orbit, but that radiation takes place 
only when the electron jumps from 
one orbit to another. 

711. Helium. — When we pass from 
hydrogen, which has an atomic weight, 
an atomic number, and an atomic 
Electron charge of unity, we next come to helium 

Fig. 713. — Ionized helium atom. ^ ^ ^ 

With an atomic weight of 4 and an 
atomic number and nuclear charge of 2. The helium nucleus, 
with which is associated most of the mass of the helium atom con- 
sists of two neutrons and two protons. Outside of the nucleus are 
two electrons. These electrons are not now considered as point 
charges revolving as planets about the nucleus but as diffuse 
rings of electricity occupying the entire orbit. These imaginary 
orbits do not lie in the same plane, but the older representation, 
which is now quite out of date, is still helpful at this stage. "When 
the atom is in the excited state, the electrons can move in a great 
number of different orbits. When an electron passes from one 
of these orbits to another, a characteristic line of the helium 
spectrum is emitted. If one of the planetary electrons has been 
detached from the atom, a helium ion is produced (Fig. 713), with 
a single positive charge on it. The normal helium atom has no 
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affinity for other eleetrons. For this reasDn, Iieliioa mn 
unite with other elements. It i> one of tlip inert gasts aia! i- 
monatomic. 

712. Lithium. — In lithium, besides the iun*leus whi«‘h !ia> 
positive units of electricity on it, tluTc are three iilam tary elee- 
irons. These electrons, accurdinp; to the pietnre of the atom 
suggested by Bohr, revolve in different phuie>. Tlit* twii inner 
electrons are bound more closely h»y attractive forces to 
nucleus than is the outer electron. When lithiiiiii i> ionized, it 
loses one electron, and the residue of the atoui tlien has 1 unit of 
positive electricity on it and is known as a lithium ion. Tin-; 
outer electron determines the valency of litliiiun. When lithium 
enters into chemical union, it shares this outer (electron with tlu^ 
element with which it combines. Under certain circumstances, a 
second electron may enter the outer orbit. Tlie lithium atom is 
then charged negatively and becomes a negative ioii. Tlie 
possible orbits in which these planetary electrons can move are 
more complex than they are in either hydrogen or Indium. The 
positions and characteristics of these orbits are determined from 
an analysis of the spectrum wliieh the lithium atom can emit. 

713. Beryllium. — If an atom of beryllium loses one of its four 
outer electrons, it becomes a positive ion earrj’ing one charge of 
positive electricity. When it loses both of the outer electrons, it 
is a double charged positive ion. These outer electrons determine 
the valency of the beryllium atom, and it shares these two elec- 
trons \^ith the other atoms mth which it unites in forming ciiem- 
ical compounds. A study of the spectrum of beryllium makes it 
possible to locate the various orbits in which these electrons are 
capable of moving in agreement with the Bohr theory. The 
greater the number of planetary’- electrons, the more complex 
these orbits become. They are distributed in three dimensions 
and have such positions and shapes that they account for the 
observed lines in the spectrum on the basis that light of a definite 
frequency is emitted whenever an electron passes from one orbit 
to another. 

714. Atoms of Higher Atomic Weight. — As the atomic w^eight 
increases and the number of planetary electrons revolving about 
the nucleus is also increased, the problem of determining the 
shape and size of the different orbits becomes more difficult. 
The evidence comes from spectroscopic data and the arrange- 
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ment of the elements in the periodic table. This evidence will 
be considered in detail in later sections. Figure 714 showy a 
diagrammatic representation of the electronic orbits in copj)er 

716. Periodic Table. — Table I gives a periodic classification of the ele- 
ments. It is a modernized version of Mendeli^ff's table and shows the 
similarities between the chemical and physical properties of the element'^ 
As the atomic weight or more accurately the atomic number of the element^ 
increases, there is a periodic variation in their physical and chemical proper- 
ties. For example, beginning with lithium having an atomic weight of 

6.94 and an atomic number of 3, the 
atomic weight and the atomic number 
increase until neon with an atomic weight 
of 20.18 and an atomic number of 10 is 
reached. There are eight elements in 
this period*. A new period begins with 
sodium which has an atomic weight of 
22.99 and an atomic number of 11 and 
ends with argon which has an atomic 
weight of 39.94. The elements in each 
group have similar chemical and physical 
properties. For example, elements in 
Group I have a valence of one and are 
chemically active. They also have simi- 
lar spectra. The elements in Group VIII 
are inert gases which do not combine 
readily with other elements. 

This periodic variation in the proper- 
ties of the elements can be explained on 
the basis of the Rutherford-Bohr atomic 
model. The charge on each nucleus must 
be a multiple of the charge on the proton which can be denoted by +c. We 
must then get atoms with a nuclear charge of +6, +2e, +3e, +4c, etc. The 
nuclear charge increases with the atomic w^eight and is always equal to -fAV, 
where N is the atomic number or the ordinal number giving the position of 
the element in the periodic table. Thus, N for hydrogen = 1; N for 
helium = 2; iV for lithium = 3; etc. 

716, Arrangement of Electrons in Shells. — The chemical and 
spectroscopic properties of the elements are determined by the 
number of electrons outside of the nucleus. Elements with 
the same nuclear charge or the same number of electrons outside 
of the nucleus have the same chemical and spectroscopic proper- 
ties. Now it has been seen that these properties vary periodically 
with the atomic number. For example, atoms which have the 
atomic number 2, 10, 18, 36, etc., are inert gases w’hich do not 



Fig. 714. — Atom of copper magni- 
fied 240 million times. 
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readily combine with other elements. This fact is interpreted 
to mean that in each of these cases the electrons form stable 
systems which do not readily combine with the electrons of other 
atoms. Atoms, like lithium, sodium and potassium, which have 
one more electron outside of the nucleus than the corresponding 
inert gas has, have a valence of one and are strongly electropod- 
tive. This means that they easily lose one electron and combine 
readily with elements in which there is a strong attraction for an 
additional electron. On the other hand, atoms, like fluorine 
chlorine and bromine have one electron less than the correspond- 
ing inert gas and are strongly electronegative. They also have a 
valence of one and strongly attract an additional electron to form 
a stable group of electrons like the groups found in the inert gases 

To explain the periodic variations of the physical and chemical 
properties of the atoms with an increase in the atomic number 
it is assumed that only a limited number of electrons can be 
arranged on a spherical surface wdth the nucleus as a center. 
When the number of electrons exceed the number which can be 
in stable equilibrium on one spherical shell, they arrange them- 
selves on a series of concentric spherical shells. Thus, the dis- 
tribution of the electrons outside the nucleus is as if they were 
arranged in a series of spherical layers separated from each other 
by finite distances. The number of these layers depends on the 
number of electrons in the atom. The electrons in the outside 
layer are held less firmly by the attractive forces due to the 
charges on the nucleus than are those on the interior shells. 
They will, therefore, be more easily displaced by the action of 
forces which might be exerted by neighboring atoms. It is thus 
the outer spherical shell of electrons which determines the chem- 
ical and spectroscopic behavior of the atom. On the other hand, 
the electrons near the nucleus are securely held by the electrostatic 
forces due to the nucleus and can be displaced only wdth the 
greatest difficulty. These electrons determine the characteristic 
X-ray spectra emitted by the elements. These inner electrons 
are little affected by the presence of neighboring atoms and 
change little when atoms enter into chemical combination with 
other atoms. 

Beginning with the nucleus and moving outwmrd, the first 
group is known as the X-shell. When it is completed it contains 
two electrons. This atom is the atoni of helium with an atomic 
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Qumber 2 and an atomic weight 4. The next group known as the 
[rsheli when completed contains eight electrons. The atom 
u’hich is formed when this shell is just compieted is neon with an 
atomic number 10. In building up the I-sh(‘Il from tlie K~<hell 
die number of electrons in this shell increases from one to eight 
and this change corresponds to passing from lithium witii an 
atomic number 3 to neon with an atomic number 10. The 
formation of the next group known as the J/-sheli in whicdi tliere 
are eight electrons corresponds to a transition from scxlium with 
an atomic number 11 to argon tvith an atomic number IS. A 
further addition of electrons after the completion of the 3/-shell 
begins the A^-shell with potassium whose atomic number is 19. 
Beyond the next element, caesium, there are irregularities in 
the formation of these shells, but the essential plan of building 
them remains unchanged. 



CHAPTER LXI 


NUCLEAR PHYSICS 


To get information about the structure of the nucleus, it is acc- 
essary to bombard it with different kinds of. atomic projectilo 
which have energies sufficiently large to break it up into fragments, 
x-klpha particles from Radium C have a speed of about 12,000 
miles per second. The large energies associated with them at 
once suggested to Rutherford that they could be used as atomic 
projectiles for the disintegration of atomic nuclei. 

717. Bombardment of Atoms with Alpha Particles.— AVheu 
Rutherford bombarded nitrogen with alpha particles, he found 


Helium 

nucleus 

[.He^ 

ZProfons 

2Neufrons 


.... ili’^-Proron 

Nnrogen 
nucleus ^ 


^Energy 



INeufrons 


nucleus 


6 Proions 
S Neutrons 


Fig. 715. — Nitrogen bombarded with alpha particles gives oxygen and hydrogen. 


that, in the collision of an alpha particle with the nucleus of a 
nitrogen atom, a proton or a hydrogen nucleus is sometime,'^ 
ejected. Since nitrogen has an atomic mass of 14 and a nuclear 
charge of 7 and the alpha particle (the nucleus of the helium 
atom) has an atomic mass of 4 and a nuclear charge of 2, there 
are altogether 18 units of atomic mass and 9 units of poative 
charge involved in the collision. One unit of positive charge and 
one unit of atomic mass are ejected as the nucleus of the hydrogen 
atom. There remain, therefore, 17 units of atomic mass and 
8 units of positive charge. These are the units of atomic mass 
and positive charge which correspond to a heavy form of oxygen, 
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that is? to oxygen of atomic mass 17 instead of atomic mass 16. 
This form of oxygen was not known at the time these ex|K‘riments 
were performed. It was later discovered as a norma! constituent 
of chemical oxygen. In this way nitrogen with an atomic* mass 
of 14 was transformed into oxygen with an atomic* mass of 17 and 
hydrogen produced as a by-product. This reaction is d(*s<*ril>ed 
in the following equation and represented diagrammatic*ally in 
Fig. 715. 

oHe-^ + + energy. 


The subscript on each of the atomic symbols giv(*s tlu* atomic* 



number of the* element or the* 
number of positive* charges on the 
nucleus. The superscript gives 
the atomic mass of the ekunent. 
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(a) 

Fig. 716. — (a and h) A Van de Graaf electrostatic machine for producing very 
high voltages, used in nuclear disintegrations. Differences of potential in excess 
of two million volts are thus available. iCourtesy DtjwLrtmtnt of Terresirial 
Magnetisyn, Carnegie Institution.) 


In later experiments many other illustrations of similar trans- 
mutations of elements have been found by this method. 

718. Acceleration of Charged Particles. — Before other atomic 
projectiles could be used? it was necessary to develop methods 
by which electrified particles could be accelerated so that they 
would have sufficient energy" to make them effective for atomic 
disintegrations. To produce directly the necessaiy^ high voltages, 
a system of transformers with provision for rectifying the voltages 
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has been used by Lauretsen at the California Institute of Tech- 
nology, by Cockroft and alton at the Cavendish Labora- 
tory, and by many other physicists. An electrostatic machine 
(Fig. 716) has been perfected by Van de Graaf . It has been used 
ndth great success by Tuve and his collaborators in the Depart- 
ment of Terrestrial 'Magnetism of the Carnegie; Institution. 
Voltages in e.xcess of a million volts can be obtained by either of 
these methods. 

A unique apparatus for generating high voltages has been 
designed and developed by Lawrence at the University of Cali- 



Fig. 717. — The cyclotron, used to accelerate electrified particles in atomic 
disintegrations. Particles with energies equal to seven or eight million electron 
volts have been obtained in this way. {Courtesy E, 0. Lawrence, University of 
California.) 

fornia. It is known as a It involves both a magnetic 

field and an oscillating electric field. The most important feature 
of the apparatus is a great electromagnet weighing 85 tons (Fig. 
717) . Ions from some suitable source are accelerated in a vacuum 
chamber between the poles of the magnet. The magnetic field 
deflects the ions so that they move most of the time in circular 
paths with constant angular velocity. Within the vacuum cham- 
ber are two semicircular hollow electrodes, between which is 
applied a high-frequency potential difference. The ions travel 
around from within one electrode to within the other and as they 
cross the region between the electrodes, they gain velocity cor- 
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responding to the difference of potential. The ion.< are t hu.< made 
to spiral around in synchronism with the o.scillatiiig electric field. 
They go faster and faster on ever widening .spirals and finally 
emerge from the vacuum chamber through a tliiii aluminum 
window. Deuterons with energies of about 8 million eha-tron 
volts have been obtained in this way. A substance placed just 
outside the aluminum window can be boml;>arded for any tie.-ired 
I)eriod of time. 

719. Cloud-chamber Method of Observing Collisions. — A num- 
ber of ingenious methods have been devised for obsert ing atomic 
collisions. One of the most important of them is the cloud- 
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Fig. 71S. — Cloud-chamber tracks made by alpha particles showing? collisions 
with nuclei of different atoms, (a) With hydrogen; (h) wth helium: (c; with 
oxygen. Note in (b) that the track due to the alpha particle and that due to the 
helium atom are equal in length and make equal angles with the direction of the 
incident alpha particle. In the forked track in (c) the track to the left is due 
to the alpha particle and that to the right is due to the oxygen atom. {Brackett. 
Courtesy Royal Society of London.) 

chamber method, by means of which the tracks of the colliding 
particles are photographed before and after the collision. If a 
rapid expansion takes place in a vessel containing saturated water 
vapOTj a fog is formed, pro\ided there are nuclei about which the 
water vapor can condense. When swiftly moving electrified 
particles pass through such a vessel, ions are produced along the 
tracks of the particles. These ions serve as centers about which 
the w^ater vapor can condense w’hen a suitable expansion takes 
place in the chamber. The fog w^hich is thus produced by the 
expansion is confined to these tracks and serves to locate the path 
of the moving electrified particle. By photographing these 
tracks, the behavior of the particles before and after collision can 
be studied. Figure 718 shows the tracks made by an alpha par- 
ticle before and after collision with an atom. In the case of 
helium the masses of the two particles are nearly equal and the 
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paths after collision make nearly equal angles with the path of 
the alpha particle before collision. 

720. The Positron. — When a strong magnetic field is impressed 
on a cloud chamber, charged particles moving a(*ross the magnetie 
field are deflected and made to move in circular paths. Bv 
observing the tracks made by these particles, it is possible to 
determine the mass and the charge of the particles responsible 
for each track. In such observations it is necessary to keep in 
mind the direction of the magnetic field. In Fig. 719 it is away 



Fig. 719. — The track of a positron. Above and below the lead plate can be 
seen the path of a positron which has been deflected by a magnetic field per- 
pendicular to the plane of the figure. The direction of the deflection is such that 
a positron and not an electron produced the track. {Courtesy Carl A?iderson, 
California Institute of Technology.) 

from the reader. In this case a negatively charged particle 
moving downward across the lead plate in the middle of the figure 
might give this path. On the other hand, a positively charged 
particle mo\dng in the opposite direction might give this same 
path. If now’- it w^ere possible to determine w'hether the particle 
moved upw^ard or downward in making this track, it w^ould be 
possible to determine w^hether the particle W'as positively or 
negatively charged. 

The curvature of the track below the plate corresponds to the 
track of a charged particle with the rest mass of an electron and 
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an energy equal to 63 million electron volts. The curvature of 
the track above the plate, on the other hand, corre.sponds to the 
path of a particle of the same maas and charge as the electron but 
\rith an energj" of only 23 million electron volt.s. Since the par- 
ticle could not have gained euergj- in passing through the plate, 
it must have passed upward rather than downward through the 
plate. This direction of motion is comsi.stent with a decrease in 
cnergj' of the particle in passing through the plate. Hence, a 
positive particle moving from the bottom to the top of the figure 
must have produced this track. The characteristics of the track 
are those which might be expected if the track had becni made by 
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Fig. 720. — Beryllmm bombarded with alpha particles gives carlK^n and neutrons. 


an electron moving down through the plate. Since the track 
was made by a particle moving in the opposite direction, it can 
only be explained by assuming the existence of a new kind of 
particle, like an electron in ail respects, except that it has a posi- 
five instead of a negative charge. ^Moving with an energy equal 
to 63 million electron volts, this particle passes upward through 
the plate in 'which its energy is reduced to 23 million electron 
volts. In this way Anderson at the California Institute of 
Technology discovered the positron. A positron has the same 
mass as an electron but it carries a positive charge just equal in 
magnitude to the negative charge on the electron. 

721. The Neutron . — When an element like beryllium is bom- 
barded b 3 ^ alpha particles, uncharged particles of great penetrat- 
ing power are emitted. These particles have nearly the mass 
of a proton, that is, nearly the mass of the nucleus of the hydrogen 
atom. They are called neutrons. The name indicates that they 
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are uncharged particles. They may be thought of as the atoms 
of an element with an atomic number equal to 0 and atomic 
weight equal to 1. Symbolically they are characterized by quK 
Because these particles are without charge, they have very large 
penetrating power. They move with very large speeds and 
consequently have large energies. They transfer their momen- 
tum and energy to the lighter elements of the compounds through 
which they pass. If they pass through a compound containing 
hydrogen, protons are ejected wdth high velocities and great 
penetrating power. Chadwick assumed that, in the capture of 
an alpha particle by an atom of beryllium, a neutron is ejected 
in agreement with the followdng formula and diagram (Fig. 720): 

2 He^ + 4 Be^ — > ^ energy. 

722. Deuterium and the Deuteron. — In 1932, Urey, a physical 
chemist at Columbia University, found from the study -of the 
spectrum of hydrogen that there is a second form of hydrogen 
which has nearly double the atomic weight of ordinary hydrogen. 
It combines with oxygen to form heavy water with a molecular 
weight of 20 as compared to 18, the molecular weight of ordinary 
water. This, form of heavy hydrogen is present in ordinary 
hydrogen in the ratio of about 1 part in 5,000. It can be sepa- 
rated from ordinary hydrogen by an elaborate electrolytic proc- 
ess. The nucleus of heavy hydrogen consists of a neutron and 
a proton, but the nucleus of ordinary hydrogen consists only of 
one proton. The symbol for heavy hydrogen is the subscript 
indicating the positive charge on the nucleus and the superscript 
indicating the atomic weight. The following table gives a com- 
parison of the charges and masses of these particles: 


Charge in e.s.u. Mass in grams 

Negative electron (electron) 

Positive electron (positron) 

Proton (hydrogen nucleus) 

Neutron 

Deuteron (heavy-hydrogen nucleus) 


-4.77 X 10-^0 9.04 X 
+4.77 X lO'io 9.04 X lO'^^ 
+4.77X10-1° 1.7 X 10-24 

0 1.7 X 10-24 

+4.77X10-1° 3.4 X 10-24 


723. Transmutation by Capture of Protons, Deuterons, or 
Neutrons. — When atomic nuclei are bombarded by swiftly mov- 
ing protons, deuterons, or neutrons, the nuclei may be trans- 
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formed into atomic nuclei having either greater or smaller atomic 
masses. The following are a few simple illustrations. 

1. Transmutations by the Capture of Protons, — When lithium 
(sLi^) is bombarded with protons, two atoms of helium are pro- 


Hel/um 

nucleus \ ^He 



Fig. 721. — ^Lithium of atomic weight 7 bombarded with protons gives two atoms 

of helium. 


duced as described in the following formula and indicated in 
Fig. 721: 

+ aLi^ -» 2 2 He^ + energy. 


2. Transmutation by the Capture of Deuterons. — If the lighter 
form of lithium (sLi^) is bombarded with deuterons, two atoms of 


Heliam 

nucleus. 





Fig. 722. — ^Lithium of atomic weight 6 bombarded with deuterons gives two 
atoms of helium. 


helium are again produced. The total units of mass and the 
total units of charge are the same in the two cases. Hence the 
end result is the same as in the preceding case, ae is shown by 
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the formula of the nuclear reaction and by Fig. 722. 

iH^ + sLi® ”> 2 2 He^ + energy. 


3. Transmutations by Capture of Neutrons . — As an illustration 
of this type of transformation consider the bombardment of 



Fig. 723. — Aluminum bombarded with neutrons gives helium and sodium. The 
sodium has an atomic weight of 24 and is unstable. 


He/ium nucleus 
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Fig. 724. — Boron bombarded with alpha particles gives nitrogen and neutrons. 
The nitrogen has an atomic weight of 13. It is unstable and changes into carbon 
with the ejection of a positron. 


aluminum by neutrons. An atom of helium 2 He^ and an atom 
of sodium uNa^^ are produced (Fig. 723). The sodium has an 
atomic weight of 24 instead of 23 and is unstable. The formula 
of the nuclear reaction is as follows: 


+ X3AP7 


iiNa^^ + sHe*^ + energy. 
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724. Artificial Radioactivity.— When boron is bombarded with 
alpha particles, neutrons and positrons are emitted. The emis- 
sion of the positrons continues for some time after the bom- 
bardment has been discontinued. The interpretation of this 
phenomenon is evident. The neutrons and the positrons do not 
come from the boron simultaneously. The neutrons are ejected 
first and the positrons later. The ejection of neutron leaves the 
nucleus with an atomic mass of 13 and an atomic charge of 
7, There has thus been produced a form of nitrogen which is 


,H\.f1yclrogen 
©^' nucleus 



l2Neufrons 


Fig. 725. — Sodium with an atomic weight of 23 bombarded with deuterons 
gives sodium with an atomic weight of 24. This form of sodium is unstable. It 
changes to magnesium with the emission of an electron. 


unstable. It quickly changes into carbon which is stable. The 
steps which occur in these transformations are indicated in the 
following nuclear formulas and represented diagrammatically in 
Fig. 724. The radioactive nitrogen thus produced is not long- 
lived. It is rapidly transformed into carbon. 

-h sBi® • 7N‘’ -1- on' -|- energy; 

7 N'» eC'^ -he + energy. 

As a further illustration of artificial radioactivity consider the 
case of sodium. When ordinary sodium is bombarded with 
deuterons, a heavier form of sodium (uNa**^) is produced and a 
proton (iH^) is ejected. Now sodium (uNa^^) is unstable. It 
ejects an electron from the nucleus and becomes magnesium 
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(i 2 Mg 2 ^). magnesium thus formed is left in an excited state' 
It emits gamma rays and returns to a stable and unexcited state. 
The nuclear formulas and schematic diagrams (Fig. 725) are as 
follows : 

+ nNa23 iiNa24 + + energy; 

iiNa^^ i2Mg24 +~e + energy. 

725. Protons and Neutrons in the Nucleus. — According to the 
present point of view, the nucleus of an atom is made up entirely 
of protons and neutrons. There are no electrons as such in the 
nucleus. The composition of a few atomic nuclei is shown in the 
following table: 

Protons and Neutrons in the Nucleus 


Element 

Symbol 

Number of 
protons 

Number of 
neutrons . 

Hydrogen (ordinary) 

iH^ 

1 

0 

Hydrogen (heavy) . . . 

iH2 

1 

1 

Helium 

sHe^ 

2 

2 

Lithium I 

sLi® 

3 

3 

Lithium II 

zLV 

3 

4 

Nitrogen 


7 

7 

Oxygen 


8 

8 

Neon 

loNe^o 

10 

10 

Sodium 

uNa^^ 

11 

12 

Chlorine 

nCPS 

17 

18 


The number of protons determines the atomic number. The 
sum of the number of protons and neutrons gives the atomic 
weight. An isotope of an element is formed by adding one or 
more neutrons to the nucleus of the elemeiit. When an alpha 
particle is ejected by a nucleus, two protons and two neutrons in 
close combination escape from the nucleus. When a'betarayis 
ejected from a radioactive substance such as radium, probably a 
neutron is transformed into an electron and a proton. The elec- 
tron escapes, but the proton remains in the nucleus, leaving the 
nucleus with one additional positive charge on it. 

726. Explanation of Isotopes. — Figures 726 and 727 show 
diagrammatic representations of atoms of lithium and neon. 
The small dark circle represents the nucleus. The number of 
protons and the number of neutrons in it are indicated in each 
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3 Protons 

4 Neutrons''-, 


case. The small circles represent the electrons which are outside 
of the nucleus. There are two kinds of lithium. In one kind 
there are three protons and three neutrons in the nucleus and 
three electrons outside of the nucleus. In the other kind of 
lithium there are three protons and four neutrons in the nucleus 
and three electrons outside of it. In each case the net charge on 
the nucleus is 3 units of positive electricity and the number of 
planetary electrons is also three. 

The external structure of the 
atoms is identical. The charge 
on the nucleus is the same, but the 
mass of the nucleus is in one case 
six and in the other case seven 
times that of hydrogen. In the 
neon atom, there are 10 protons Fig. 726. — Diagrammatic representa- 
and 10 neutrons in the nucleus in isotopes of lithium, 

one case, and 10 protons and 12 neutrons in the other case. Each 
kind of neon has 10 electrons outside of the nucleus. Since the 
extranuclear electrons determine the chemical and physical pro- 
perties of the atoms, both kinds of neon are chemically and 
physically identical. The net charge on the nucleus is the same 
in both cases. One kind of neon has, however, an atomic w^eight 
of 20 and the other an atomic weight of 22. Ordinary neon is a 
mixture of these two kinds of neon and has therefore an atomic 
weight between 20 and 22. 



Lithium I 


Lithium H 


Example.- 



■The atomic weight of lithium as determined chemically is 
6.94. What percentage of ordinary lithium 
has an atomic weight of 7? 

Let X — per cent of lithium of atomic 
weight 7 in the mixture. 


Electrons 


lOProtons^^ 

l2Neutrons 



10 Protom ^ 
lONeutro'ns 

Neon I NeonH 

Fig. 727. — Diagramatic represen- 
tation of isotopes of neon. 


100 

rc = 94 per cent. 

727. The Packing Effect. — Since the 
atomic weight of hydrogen w^hich has one 
electron and one proton in it is 1.008, the atomic weight of helium might 
be expected to be 1.008 X 4 = 4.032. As a matter of fact, the atomic 
weight of helium is only 4. There has; therefore, been a decrease in mass. 
A similar decrease in mass occurs in the formation of the nuclei of other 
atoms. This decrease in mass in the formation of nuclei from protons and 
neutrons is called the packing effect. Because of this packing effect, the 
atomic weight of an element does not come out to be a whole number except 
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in the case of oxygen with an atomic weight of 16. The atomic weight of 
this element is taken as a standard with respect to which the packing effect 
of the other elements is measured. For this reason it is of necessity a whole 
number. From theoretical considerations, it is now believed that a decrease 
in mass is radiated as energy. Hence, the mass and energy of the nucleii.s 
together must be conserved; that is, when the mass decreases there must 
appear an equivalent amount of energy. The equation of Einstein giving 
the relation between the change of mass and the energy is 

Change of energy = (change of mass) c-, 

E (in ergs) = m (in grams) c^, 

where c — the velocity of light in centimeters per second. 

If 4 g. of helium were formed from hydrogen in this way, the energy 
liberated would be 

E = (0.032) (3 X 101“) 2 
= 0.288 X 1020 ergs. 

^ 728. Cosmic Rays. — In the early investigations of radioactmty 
a small residual ionization was found to exist in a gas even in the 
absence of radioactive sources. Most of this residual ionization 
disappeared when the ionization chamber was screened by enclos- 
ing it in a thick layer of lead. At first this residual ionization 
was attributed to radiations coming from the ground or the 
atmosphere. By sending recording electroscopes up in balloons, 
it was later found that this ionization increases as the height 
above the surface of the earth is increased. At a height of 
9,000 m. it has a value about 40 times as great as at sea level. 
This result is inconsistent with the idea that these radiations 
come from the surface of the earth or the atmosphere. It thus 
becomes necessary to assume that they come from regions outside 
of the earth^s atmosphere — ^from interstellar spaces. 

In 1925 and 1926 Millikan and Cameron studied the ionization 
in closed vessels at different depths below the surface of water in 
mountain lakes and found that the ionization due to these radia- 
tions decreases with the depth of the vessels below the surface 
of the lake. These results together with other results obtained 
at high altitudes, especially those obtained in stratosphere flights 
and balloons of various kinds (Fig. 728), firmly established the 
fact that these radiations come to earth from interstellar spaces. 
These radiations are now known as cosmic rays. Most of 
the effects observed at sea level or at higher altitudes seem to 
be due to rapidly moving charged particles, probably electrons, 
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positrons, and protons. These particles have a wide range of 
energies which are dissipated as the particles pass through matter. 

729. Intensity of Cosmic Rays as a Fxmction of Latitude. — 
After it was established that cosmic rays come to the earth from 
interstellar spaces and increase in intensity with the altitude, a 
careful survey revealed that their intensity also changes with 
latitude. This dependence on latitude is seen from Fig. 729. 
Here the geomagnetic latitude rather than the geographic latitude 
has been used. From this figure it is seen that at sea level the 
intensity of these radiations is nearly constant from the magnetic 
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Fig. 728. Fig. 729. 

Fig. 728. — Variation of intensity of cosmic rays with distance from the top of 
the atmosphere. The intensity as measured by the ions produced increases 
rapidly with the altitude. 

Fig. 729. — The intensity of cosmic rays varies with the latitude. It is a mini- 
mum at the geomagnetic equator. 


pole to about 50 deg. It then decreases and reaches a minimum 
at the geomagnetic equator where it is about 16 per cent lower 
than at higher latitudes. This variation can be most easily 
accounted for by assuming that these rays are charged particles 
which are deflected as they cross the earth’s magnetic field. The 
curvature of the paths of the particles will depend on the velocity 
as well as on the intensity of the earth’s magnetic field. Some 
of the more slowly moving particles may be turned back and 
never reach the surface of the earth. The number of particles 
reaching the surface of the earth in the neighborhood of the 
magnetic equator is less than the number reaching it in the neigh- 
borhood of the magnetic poles. 





696 


THE ELEMENTS OF PHYSICS 


730. Electron Pairs. — When cosmic rays, or gamma rays of 
very high frequency, pass through matter, pairs of electrons 
of opposite signs may be produced. Figure 730 shows a pair of 



Fig. 730. — An electron pair, a negative electron and a positive electron, pro- 
duced in a magnetic field. One is deflected to the right and the other to the left 
by the magnetic field. {Courtesy J. C. Street and E. C. Stevenson, Harvard 
University.) 


electrons, one positive and the other negative, which has been 
produced in a magnetic field. They have been deflected in 
opposite directions by the magnetic field which is perpendicular 



(^) (&) 

Fig. 731. — (a) A shower of 19 rays apparently produced by an incident elec- 
tron. These tracks were photographed with a cloud chamber. (6) A stereo- 
scopic view of the same shower showing that the rays are emitted in all directions. 
{Courtesy J. C. Street und E. C. Stevenson, Harvard University.) 

to the plane of the figure. Each pair of electrons is formed out of 
one photon. The energy and mass of the photon are almost 
completely transformed into the energy and mass of the two 
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electrons. A small amount of energy and momentum are trans- 
ferred to the atom. A converse process may occur. A positive* 
and negative electron may merge to produce a photon. Figun^s 
731 (a and b) show a more complex shower which again consists of 
both positive and negative electrons. It was produced by cosiuie 
rays passing through a lead plate in a cloud chamber. 
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SERIES IN OPTICAL SPECTRA 


731. Units and Methods of Measurement. — In spectral measureiiieiiLs we 
are concerned either with the wave lengths of the lines or with the frequencie> 
of the oscillations. The centimeter is the unit of length in terms of which 
wave lengths are ordinarily measured. Since this unit is too large various 
submultiples are used. The more familiar of these i^^^re given in the 
following table. 


» e given 

- 






Name of unit 

Symbol 

Value, 

centimeters 

Micron 


10"-* 

Millimicron 

mix 

10"^ 

Angstrom . . 

L 

io-« 

X-unit 

XV 

10-11 


The frequency is more fundamental for spectral series than is the wave 
length, but it is not obser^^ed directly. Tt must be computed from the wave 
length and the velocity of the radiation. 

Let V = the velocity of the radiation in a vacuum expressed in centimeters. 

V = the frequency of the radiation expressed as oscillations per 
second. 

X = the wave length expressed in centimeters. 

Then 


c = Xif. 

Since c = 3 X 10^® cm. and X has values between 0.00007 and 0.00004 cm. 
for the visible region of the spectrum, the frequency involves very large 
numbers of the order of 10^^. For this reason, it is more convenient to use 
the number of waves per centimeter, 

1 

«=- 

The wave number is defined as the number of waves per centimeter. 
It varies with the nature of the radiation and the medium in 
which the radiation travels. 
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732. Balmer’s Formula for Hydrogen.™ Roasoniiitr inmi tli<* 

analogy of overtones in aeoustics, early investigators of 
relations between spectral lines tried to discover similar relation 
among the lines in the visible spectrum. Such attempts, how** 
ever, were unsuccessful, but Bainier succeeded in making a 
significant beginning by showing that the wave leiigt!i> of tht- 
nine lines then known in the spectrum of hydrogen (*ould be 
represented by the formula, 



where A' — a numerical constant, and m = an integ(‘r wiiich <*an 
take the successive values 3, 4, 5, 6, etc. 

The wave length corresponding to each integral value of m 
corresponds to the observed wave length of one of the lines in 
this spectrum. The following table shows the corn‘spondeiice 
between the observed and the calculated values for nine lines 
in the spectrum of hydrogen. 


m i X (computed} A. , X (obsen’edj A. 


3 

6562.08 

6562.10 

4 

4860.80 1 

4860.74 

5 

4340.0 i 

4340.10 

6 

4101.3 

4101.2 

^ I 

3969.7 

3968.1 

8 i 

3888.6 

3887.5 

9 

3835.0 

3834.0 

10 

3789.5 

3795.0 

11 

3770.2 

3767.5 


The agreement between the observed and the calculated values 
suggests clearly that there is a simple relation between these 
spectral lines. 

733. Rydberg’s Formula. — Rydberg succeeded in finding a 
more general formula than that found by Balmer. He noted 
that the lines in any series tend to crowd together toward the 
ultra-violet according to a regular law. This crowding together 
toward the ultra-xdolet is shown in Fig. 732 for the Balmer series 
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of hydrogen and in Fig. 733 for a series of lines in sodium. 
berg^s formula predicted wave lengths very close to the observed 
wave lengths for the diffuse series of sodium, and accounted for 
the fact that the lines converge in a systematic way toward a 
head. A similar formula described the other series in sodium and 


l/m/f of 

series ^ 

3500 4000 5000 6000 6500 

Wave lengths in Angstrom units 

(a) 



Fig. 732. — {a) Diagrammatic representation of the limit of the Balmer series. 
(6) Spectrum of the star ^ Tauri showing the Balmer series of hydrogen! 
{Photographed by R. H. Curtiss, University of Michigan.) 


similar series in other elements, but the numerical constants were 
different. 

Rydberg recognized three types of series (Fig. 734) which could 
be distinguished from each other by certain characteristics of 
the spectral lines. These series he denoted as the principal series, 



Fig. 733. — Converging of lines in sodium spectrum toward a limit. 

the sharp series, and the diffuse series. Another series, called the 
fundamental series, has later been added to this classification. 
The lines in each of these four series are accurately described by 
a formula of the Rydberg type. But the numerical value of the 
constants is different for each series. 
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734. Bohr’s Theory of the Hydrogen Atom. — Bohr wa.< the fir>i 
to develop a theory which would satisfactorily account for the 
way in which the lines in the spectrum of hydrogen are arranged 
in series. In order to understand the essential points of thi> 
theory, the spectrum of hydrogen must be considertHl in more 
detail. It has already been pointed out that it is pussiblt* to 
arrange the lines which the hydrogen atom can emit in serie> 
which are simply related to each other. Several such seru‘s have 

Urn if of Li”'; fa* 

Infra-Red D-Lines URra-Vhkf NStr.tr 


Principal Series 

Sharp Series 

Diffuse Series 

.....Ik 


□j 
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— nrpii ' 

i ; Liiiiii i 


: i !;;3 

i! 1 


Low Frequencies- Frequencies 

Fig. 734. — Diagrammatic representation of principal, sharp, and difliis** wries in 

sodium. 


been discovered. For our present purposes it is sufficient to 
consider three of them. They are known as t/n Lyman 
the Balmer series, and the Paschen series. 

If V represents the frequency of the emitttMl light and R a con- 
stant, then all the lines in the %isible region of the si>ectriim can lx* 
represented by the formula. 



where n takes the successive values 3, 4, 5, 6. etc. This series of 
lines is known as the Balmer series. As n is made larger and 
larger, the lines of the spectrum converge toward a limit called the 
limit of the series. Figure 732 shows diagrammatically this limit 
for the Balmer series, and Fig. 733 shows the frequency to^\ard 
which lines in the spectrum of sodium converge. 

There is a second series of lines which lie in the infra-red region 
of the spectrum. This series is known as the Paschen serie>. 
The lines in this series are accurately represented by the formula. 



where n now takes the successive values 4, 5, 6, 7, etc 
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Lyman discovered a third series of lines in hydrogen. Thi< 
series lines in the ultra-violet region of the spectrum. The fre- 
quencies of these lines are accurately represented by the formula 



where n takes the values 2, 3, 4, 5, etc. 

Bohr postulated that the hydrogen atom could exist in a number of 
different states due to the revolution of the electron about the nucleus in 





different orbits. The orbits of the electron were determined by imposing 
the condition 

2Trmva = hn, (1) 

where a — the radius of a circular orbit, 
m = the mass of the electron. 

V = the linear velocity of the electron in its orbit. 
h = Planck's universal constant. 

= an integer like 1, 2, 3, etc. 

When r? = 1, the electron is assumed to be revolving in the circular orbit 
which is nearest the nucleus. When n = 2 (Fig. 735), it is revolving in the 
next largest orbit. So long as the electron remains in any one orbit its 
energy remains constant, but when it changes from one orbit to another its 
energy also changes. The energies of the electron in its different possible 
orbits as obtained from Bohr's theory are shown in Fig. 737 for the hydrogen 
atom. The lower horizontal line represents the energy which the electron 
has in its inner or ground orbit, and the second horizontal line represents the 
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energy which it has in the second orbit, ett*. 'Fhe dilTerenct^ in ein*rg> 
between any two levels is the energy whieh the ele<-troii would Iom* in p:Ls>ing 
from the orbit corresponding to one of these levels to the orbit eorre-|>oiidi!ig 
to the other level. Xow Bohr assumes that when the ei«H*tron passes from 
one orbit to an inner orbit or, what is the same thing, froiii a higher to a 



Fig. 736. — Circular and elliptic orbits in hydrogen atoiii. 


lower energy level, the difference of energy is einitttHl as radiation of a 
definite frequency such that, 

flP — jE't, — Ex^ 


where h = Planck^s constant. 

y ~ the frequency of the light. 

En — the energy of the electron on the initial level = n-h-. 

Ex = the energy of the electron on the final level = 2Tr-e^m x^h-. 


Substituting these values of En and 


If 


27r-e*m 2r-c%i 


iC-h 

x^r- 


' 1 _ 

— p- 

■xA_ 

2Tc-e*m 

' 1 1 ' 




2Th*m n 
— n — ^ 


.n n 


this equation becomes 
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If n = 1, 



where x takes the values 2, 3, 4, etc. 
If n = 2, 



where x takes the values 3, 4, 5, etc. 
If n = 3, 



where x takes the values 4, 5, 6, etc. 

These are precisely" the equations which were found empirically to describe 
the Lyman series, the Balmer series, and the Paschen series for hydrogen. 

735. Rydberg Constant. — The value of the constant R has 
been determined from spectroscopic data with great accuracy. 
This constant is known as the Rydberg constant and its numeri- 
cal value is i? = 3.2888 X 10^®. It is also very simply derived 
from Bohr's theory of the hydrogen atom. According to this 
theory, 

j? — 2t^ • ’ m _ 27r^e^ 

• e/m 

Now, e, h, and e/m are known with great accuracy: 

e = 4.774 X 10-^« e.s.u. = 1.59 X e.m.u. 
h = 6.555 X erg. sec. 

- - 1.76 X 10^ 
m 

Hence, 

R = 3.280 X lO^K 

It is thus seen that the calculated and observed values of R agree 
within 0.25 per cent. This excellent agreement must mean 
. that the behavior of the electron in the hydrogen atom is cor- 
rectly pictured by the Bohr theory. 

736. Excitation of Atoms and Energy Levels, — In the normal 
state, the hydrogen atom has its electron in the innermost orbit 
or on the lowest energy level. When the atom is bombarded 
by an electron or an ion or when it absorbs radiant energy, this 
electron may be made to occupy an orbit which lies farther away 
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from the nucleus than the innermost orbit, or. in other words, it 
may be made to occupy an energy level which is higher than the 
lowest energy level in the hydrogen atom. The atom is then in 
an excited state and possesse.s more energy than it <loes in the 
normal state. If the atom ab.sorbs sufficient energy to iemo\'e 
the electron entirelv from the 

OC— 

atom, the atom becomes singly * 

ionized. In the case of the 4.39 7 ^ 

hydrogen atom, only the nii- 5.99 6~ r-1 — 1 

cleus or the proton remains. g .52 5 

In the ease of heavier atoms, -t 

£2 1340 ^ >1 

like lithium, sodium, or silver, o " 
the electrons in the atom in the ? 

i_ 2 ”* 95 .Cl 3 

normal state have positions c l 

which make the atomic energy ^ £ 

a minimum. When such atoms 5 53 . 90 1 2 

are excited, one or more elec- o 

trons are displaced from their 

normal energy levels by the 

absorption of energy. When 

suflBcient energy is absorbed to 

remove one electron, the atom 737.~Euergy levels in hydroger 

atom. 

is singly ionized, and there 

remains a singly charged positive ion. If two electrons are 
removed, the ion is doubly ionized. It has a deficit of two elec- 
trons and is a doubly charged positive ion. 

From the frequencies of the spectral lines which the atom 
emits, it is possible to plot a system of energj- levels that show 
the energy which the atom has in different states of excitation. 
The head or limit of the spectral series gives the energy necessary 
to remove the electron from the atom. Such a system of energy 
levels for hydrogen is shown in Fig. 737 and for sodium in Fig. 738. 
Transitions between any two of these energy levels give a line 
in the spectrum. The lowest level indicates the normal state 
of the atom. 

737. Direct Measurement of Energy Levels.— According to 
Bohr’s theory, atoms can exist only in certain stationary' states, 
and when they change from one of these stationary states to 
another they emit radiation. The normal state of the atom is 
the state of least energy. To change from a normal state to an 
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excited state requires that energy be given to the atom If 
Eo = the energy of the atom in the unexcited state, and Ei = the 
energy in the excited state, then the energy necessary to put the 
atom in the excited state is 

El — Eq = hy, 

where v is the frequency of the light which the atom can emit in 
passing from the excited to the unexcited state. In the analysis 
of the spectra of hydrogen, a system of energy levels was con- 
structed for the atom. Such systems of energy levels can l)e 



senes 

Fig. 738. — Energy levels of the sodium atom. 

constructed for other atoms. They are found to describe very 
precisely the distribution of the lines in the spectra. It is, 
however, important to make sure that such energy levels really 
exist in the atom, and for that reason a direct measurement of 
these energy levels is of utmost importance. 

If a stream of electrons having a velocity v is passed through 
a gas, the atoms of the gas may be excited by the impact of the 
electrons against them. 

Let m = the mass of the electron. 

V — the velocity of the electron. 

V = the potential difference through which the electron 

has dropped. 

c = the charge on the electron. 

the kinetic energy of the electron. 
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If the electron has sucli a velocity that 1% = - 

i E — £'0)7 the atom will be excited and will tlieii be able t<i emit a 
radiation of frequency v. The potential diffe^tuic'e na|uire<l to 
jrive the electron an amount of energy sufficient to excite ihe 
atom is called the critical potential. 

If the potential difference through which tla^ ehM*truii lias 
dropped is sufficiently large to completely detac*h anothcT 
electron from the atom, one of the valence elt^qrons may be 
ejected from the atom. This difference of potcaitiu! is vulhd the 
ionization potential, and the atom is said to bt* ioiiize<l. 

Let TT = the energy necessary to ionize tiie atom, and 
r' = the ionization potential. 


then 


]y = 

where c' is the frequency of the radiation emittctl by the atom 
when the electron returns to its normal position. 

The critical potential and the ionization potentials havr* lx*en 
measured by projecting electrons from hot filaments through th<‘ 
substance in the form of the vapor. The electrons from the fila- 
ment are accelerated by means of suitably controlled differences 
of potential. The radiations emitted by the atoms are also 
observed. In this way, the potential necessary to excite a given 
spectral line or to ionize the atom is determined. The fact that 
these observed differences of potential are in exeelient agreement 
with those calculated from spectroscopic data is a striking eoii- 
firmation of the correctness of the quantum theory. 

738. Work of Removing Electron from Atom. — In order 
completely to separate an electron from an atom, work must bt^ 
expended since the electron is attracted by the positive charge on 
the nucleus. This work is the greater, the nearer the electron is 
to the nucleus. The work to carry the electron from its lowest 
energy level in hydrogen to infinity can be found from the 
expression, 

Work of removing the electron 

mass of electron X (elementary charge)^ X 2r- 
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If the mass of the electron is taken as 9.0 X 10““® g.^ the ele 
mentary charge as 4.7 X 10~^® e.s.ii. and h as 6.55 X 10~-‘ 
the work of separating the hydrogen electron from its nucleus is 
20.9 X 10-^2 erg. 

739. Extension of Bohr’s Theory to Other Atoms.— When 
many electrons are present in an atom, it is only the outer elec- 
trons which are responsible for the optical spectra; but the addi- 
tional electrons lying near the nucleus affect the forces acting on 
the electrons responsible for the optical spectra. In this way 
the number and distribution of the energy levels in the atom 
are changed. An electron vrhich has been displaced from its 
normal position has then a number of different wmys in which it 
may return to its normal position. So many different energy 
levels are present in these atoms, and so many different com- 
binations of these energy levels are possible, that a large number 
of spectral lines can be accounted for in this wmy. The spectrum 
of iron is a good example of one of these complex spectra. In 
some cases, the energy levels are multiple-valued, that is, tw’o- 
fold, threefold, etc. When an electron shifts from one of these 
multiple-valued energy levels to another, tw’-o, three, or more 
lines lying close together are produced. These lines are known as 
multiplets, that is, doublets, triplets, etc. In some cases, as many 
as 15 lines have been observed where only one appeared in a spec- 
troscope of low resolving power. 

740. The Spectra of Ionized Atoms. — If an atom loses an 
electron it behaves as an entirely different atom. The positive 
charges are in excess of the negative charges on it. The nucleus 
has the same mass and charge as it had before the atom lost an 
electron, but the electrons outside the nucleus have been reduced 
in number. The spectrum which such an ionized atom emits 
differs from the spectrum emitted by the atom in the normal 
state. 

If a very large difference of potential is applied to two elec- 
trodes which are near to each other in a very perfect vacuum, 
some of the valence electrons are completely detached from the 
atoms and the atoms are caused to emit spectra which correspond 
to the spectra of atoms that have the same number of electrons 
outside of the nucleus but a different nuclear charge. Thus, if 
the spark passes between the electrodes of magnesium, one of the 
valence electrons may be detached leaving the magnesium with 
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11 electrons outside of the nucleus and a nuclear charge of 12 
on the nucleus. Now sodium has 11 electrons outside of the 
micleus and a charge of 11 on the nucleus. Hem*e, the s|K?ctruni 
that is emitted by magnesium which has lost one electron will 
be similar to that emitted by sodium which has its entire* (.fiiota <jf 
electrons. The two spectra are, however, not idcmtical. Tlie 
forces of attraction on the electrons are greater in the case of 
singly ionized magnesium than in the case of the stwiiiim atom 
because of the greater charge on the nucleus of the magnesium 
atom. 

741. Spi n ni n g Electron. — It has now become evident that a siniplt" point 
electron moving in orbits about the nucleus of an atom is not adt^piate to 
expiajn all the characteristics of the spectra of the elements and to account 
for many other observed facts in subatomic physics. The>e difficulties 
have in large measure been overcome by assuming that the electron spins 
about an axis which is perpendicular to the plane of the orbit of the electron. 
The mechanical picture is similar to the case of the earth turning aUmt its 
axis and at the same time revolving in an orbit around the sun. In the 
case of the electron, it is sufficient to suppose that the axis of the electron 
is always perpendicular to the plane of the orbit in which the electron is 
moving. The electron may rotate about its axis either in a clockwise or in 
a counterclockwise direction. Such a spinning electron would behave 
like a small elementary magnet with its axis perpendicular to the plane of 
the orbit of the electron. The direction of the spin of the electron determines 
the direction of the axis of the elementary magnet; that is, it determines the 
direction in which the north and the soutkpole point. For counterclockwise 
spins of the electron the north pole points in one direction, and for clockwise 
spins it points in the opposite direction. The magnetic moment of this 
elementary magnet is 

eh 


where c = the velocity of light. 

m = the mass of the electron. 
e = the elementary charge on the electron. 
h — Planck's constant. 

742. The Zeeman Effect — When a source of light is placed 
between the poles of a powerful electromagnet a single spectral 
line breaks up into several components (Fig. 739). This separa- 
tion of a spectral line into components by the action of a magnetic 
field is known as the Zeeman effect because it was discovered by 
Professor Zeeman of the University of Leiden. The number of 
components depends on the particular spectral line which is 
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examined, and this number is not the same when the light 
.viewed in the direction of the magnetic field as it is when the 


A-40S0 


A-' 4722 


(b). 

(a) 



Fig. 739. — Zeeman effect in lines of the zinc^spectrum, showing splitting due 
to magnetic field (X == 46S0 and X = 4722 A.) (a) Without magnetic field. 

(6) With magnetic field (Courtesy J. B. Green.) 

light is xdewed at right angles to the direction of the magnetic 
lines of force. In Fig. 739 are given two examples of the Zeeman 
' efifect for the zinc lines (X = 4722 A. and 
X = 4680 A.) w’hen the light is viewed per- 
pendicular to the magnetic field. The single 
spectral line has been replaced by three in 
one case and by six lines in another case. 
When the light is observed in the direction 
of the magnetic field a different number of 
components is observed. In some cases, a 
large number of components is observed. 
Owing to the interaction between the mag- 
netic field and the magnetic fields due to the 
electrons in the atom, the energy levels in 
the atom are split up into a number of 
additional levels . Transitions between these 
new levels give rise to additional spectral 
lines. 

743, The Stark Effect. — An electric a.< 

well as a magnetic field causes the splitting 

„ ^ r up of spectral lines. In a sufficiently large 

effect in lines of the electric field, a Single spectral line is replaced 

helium spectrum, show- ^ number of components. The greater 
ing splitting due to , , . . ^ j.- 

varying electric field, the electnc field, the greater is the separation 

(Foster.) Qf these components. This separation of 

spectral lines into components by an electric field is known as the 

Stark effect from its discoverer. Figure 740 shows an example of 
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the Stark effect in helium from data by Foster. In the h)\ver pan 
of the figure, where the electric field is strong, the si>ei*!ral lint* 
has been dhided into a number of compoiuaits. The separatioii 
decreases from zero at the top of the figure whtTe t!ua*e i< !if^ 
electric field, to its greatest value at the bottom wlwre thf* 
electric field is largest. Data on the amount of this separatiuii 
for different spectral lines give valuable information alnjut thi^ 
structure of the atoms which are emitting these lines. 

744. Molecular Spectra. — In the preceding sections it has bei^i 
seen that line spectra are emitted by atoms as a result of em-rgy 
changes which take place when an electron changes its position 
in the system of electrons surrounding the nucleus of the atom. 
There is, however, another important type of specdra which \> 
known as molecular spectra, due to changes in the energy of th<‘ 
molecules rather than to changes inside of the atom. The>e 
spectra appear both as emission spectra and as absor])tion 
spectra. Such molecular spectra may be divided into two 
classes: pure-rotation spectra and rotation-iibration spectra. 
Pure-rotation spectra lie in the neighborhood of 200^ in wave 
length. The rotation“\’ibration spectra have wave lengths which 
lie betw^een 1 and 32/i. 

The series of bands in the far infra-red known as the pure- 
rotation spectrum arise from the rotation of the molecule about 
an axis w’hich is perpendicular to the line joining the two atoms 
in the case w^here the molecule is diatomic. In the ease of HCl. 
the mass of the hydrogen atom is small in comparison with the 
mass of the chlorine atom, and the center of gravity of the two 
atoms forming the molecule would be very near the chlorine atom. 
The molecule as a whole would rotate about an axis through 
its center of gravity. Because of the rotation of the molecule 
about this axis, the molecule wmuld emit a pure-rotational 
spectrum w'hich "would lie in the region around 200/i. The 
near infra-red spectrum, lying between 1 and 23//, known as 
the rotation-vibration spectrum, is accounted for by supposing 
that it arises from vibratory motions of the atoms in the molecule 
combined with the rotation of the molecule about an axis. The 
simplest case is that of a diatomic molecule which may be 
thought of as a small dumb-bell which is both rotating and 
\ibrating. The forces holding the atoms together in such a 
molecule are known to be large, and two nuclei in a diatomic 
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molecule performing oscillations along a line joining their centers 
may have a frequency of about 10^^ oscillations per second. 

The changes in energy which give rise to molecular spectra 
may be made up of three parts: (1) Changes in the rotational 
energy of the molecule about its axis of rotation; (2) chaiiges in the 



Fig. 741. — Bands in the spectrum of cyanogen. 


vibrational ejiergy of two or more molecules with respect to each 
’ other; (3) changes in the energy of the electronic system which is 
associated with the molecule. These changes in energy give rise 
to groups of lines called bands. Figure 741 shows typical 



Fig. 742. — Arc spectrum (center) compared with furnace spectrum of X4737 
band of Ca for C = 12. Band at X4744.5 in furnace caused by isotopic molecule 
Co for C = 12 and C = 13. ' 


bands in cyanogen. The frequency of the radiation emitted 
in a transition is given by the usual equation, 

El — E^ = hv. 

A system of energy levels may be constructed to describe the 
changes in energy which take place in a molecule when a band 
or a system of bands is emitted. The influence of isotopes on 
the band spectrum of CN is seen in Fig. 742. The bands do 
not have the same spacing in the two cases. 
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Problems 

1. Use the Balmer formula to calculate the wave the fir<t !i\i* 

lines of the Balmer series of hydrogen. 

2. Find the number of waves per centimeter for the light of tin* first line 
of the Balmer series of hydrogen. 

3. The orbital electron of a singly ionized helium atom is attracted by the 
nucleus which has a positive charge twice that of the eUnuron. Find xhv 
velocity of an electron traveling in a circle with a radius of 5 X 10 ' (un., 
so that the centrifugal force is just equal to this attrmuion. 

4. Through what difference of potential, in volts, must an ehytron fall 
in order to have an amount of energy equal to that emitted when an atom 
radiates the first line of the Lyman series? 

6. Calculate the wave length of the first line of each of the first five seri(‘< 
of lines predicted by the Balmer formula for the hydrogen atom. 

6. Compute the longest and shortest spectral line possible in the Lyman 
series. 

7. Calculate according to Bohr’s simple theory the radius of the inner- 
most orbit of the electron in the hydrogen atom. 

Mass of an electron 9.01 X 10"^* g. 

Planck’s constant 6.56 X 10”®" erg. se<*ond. 

Charge on an electron 4.77 X 10"^^ e.s.u. 

8. Calculate the wave length of the tenth and eleventh line in the Lyman 
series. 

9. Calculate the radius of the first Bohr orbit in the case of singly ionized 
helium which will have two positive charges on the nucleus and one extra- 
nuclear electron. 
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X-RAYS AND CRYSTAL STRUCTURE 

746. Production of X-rays.— When electrons mo\-ing with very 
great velocity strike a target T (Fig. 743) and are stopped, they 
set up a series of very short electric and magnetic wa\’-es. These 
waves travel vdth the velocity of light and do not differ in their 



Fig. 743. — X-ray tube. The accelerated electrons are derived from the ioniza- 
tion of residual gases in the tube. 

nature from light, except in the fact that their wave lengths are 
extremely short in comparison with the wave length of light. 
These waves, which are known as Roentgen rays or X-rays, 
'can pass through many substances w'hich are opaque to light 
and produce many important physical, chemical, and physio- 
^ logical effects. They have thus 

F ilament^ _ \Targef come to occupy an important 

place in physics, chemistry, 

I medicine, and engineering. 

hIiIiH '’''/mi The most successful way to 

voltage A generate X-rays is by means 

Fig. 744. — Coolidge X-ray tube. A hot of a Coolidge X-ray tube. 

filament is the source of electrons. J^;. consists of a highly evacu- 
ated tube (Fig. 744) in one end of w'hich is a small tungsten 
filament which is heated to incandescence by means of 
an electric current. This filament behaves essentially like 
a miniature electric lamp. A large number of electrons is 
emitted from the filament and by the application of a high poten- 
tial, 100,000 to 200,000 volts, between the filament and the cold 
target at the other end of the tube, a high velocity is imparted 
to these electrons. When they strike the tungsten target, very 
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l>eiiet rating X-rays are generated. The intensity of these rays 
is greater than that obtained from any other tube, and the 
trating power is also very great. The tube is capable of viry 
excellent control so that it produces rays which are well suited 
for most purposes. ]vlany different types of tu!>es iFig. 745 1 are 
used for different purposes. 



Fig. 745. — Types of X-ray tubes adapted to different uses. \a) CooHdge 
air-cooled tube for dental radiology, (6) Coolidge X-ray tube for general use, l 
Ooolidge X-ray tube in a protective shield. (Courteay General Electric X-Ray 
Corporation.) 

Example. — Calculate the velocity with which an electron will strike tiu^ 
target of the X-ray tube (Fig. 744} when 20,000 volts is applied to the tube. 

= TV X 10". 

€ — 1.592 X 10"^® coulomb. 

= 20,000 volts. 
m = 8.96 X 10-2S g. 

I X 8.96 X 10-28 X 20,000 X 1.592 X 10'^^ X 10^. 

, 3.184 X 10-* 

4.48 X 10-« 

V = 0.84 X 10^® cm. per second. 

746. Measurement of the Intensity of X-rays.— The fact that X-rays 
when passing through a gas make it a conductor of electricity may be made a 
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basis for measuring the intensity of X-rays. A metal cylinder (Pig. 74 ^, 
several centimeters in diameter, is closed at both ends except for an opening 
through which the X-rays may pass. A metal electrode AC is insulated 
from the metal cylinder and connected by means of a wire to a sensitive 
galvanometer G. One terminal of the galvanometer is connected to one 
terminal of a battery, and the other terminal of the battery is connected 
to the metal cylinder XY. At D there is a sulphur or amber plug which 
serves to insulate the electrode and its connecting wires from the metal 
cylinder. 

When X-rays enter the metal cylinder the gas in it is ionized, and there 
is a current of electricity from the walls of the cylinder to the electrode. 
The magnitude of this current can be measured by means of the galvanom- 
eter. The current in the galvanometer gives a measure of the ionization 
produced in the metal cylinder by the X-rays. Since the ionization is 
proportional to the intensity of the X-rays, the current in the galvanometer 

Galvanomefer-^ 


Su/p/iur-^ 


Ionization chamber 

B 

X Y 

Fig. 746. — Apparatus for measuring the intensity of X-rays by observing the 
ionization produced by them. 


is also proportional to the intensity of the X-rays. It is thus possible 
to measure the intensity of the X-rays by measuring the amount of ioniza- 
tion which they produce. 

747. Medical Applications of X-rays. — In medicine and dentistry, X-rays 
have found many important applications. They have given the diagnostic 
methods of physicians, surgeons, and dentists an exactitude which formerly 
was entirely impossible. An atlas of nearly every part of the body is now 
available in most X-ray laboratories. In the surgery of the bone not only 
fracture but the intimate lamellar structure of the bone can be examined. 
Tumors in any part of the body can be located. Diseases of the alimentaiy 
canal, stomatic disorders, incipient tuberculosis of the lungs and joints, 
etc., can be diagnosed with certainty. In dental surgery^, radiographs show 
clearly both the condition of the teeth and the surrounding bone. The 
use of X-rays for locating foreign bodies is well known. In this way it 
has been possible to locate pins, coins, jewelry, etc., which have been 
swallowed. 

The radiation known as X-rays has been shown to possess valuable 
properties in the treatment of malignant diseases. The living cells have 
the power of resisting or responding to X-rays, while malignant cells disap- 
pear with suitable treatment. Inflamed glands shrink in size, and various 
morbid conditions of the blood clear up. In many skin diseases. X-rays 
have proved of great service. 

748. Industrial Applications of X-rays. — By means of X-rays, the metal- 
lurgist determines the effect of heat treatment, tempering, rolling, and aging 
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on metals and alloys. Hidden defects in materials, eoia'eaicMi rni«*ks in 
metals, and blow holes or other ca.<ting faults are all reveahxl f>y means of 
X-rays. In like manner, defective soldering, brazing, or welding ran !>e 
found. The peculiarities of the structure of timbers of liifferent kinds eaii 
be discerned. The denser heartwood is differentiated from the >a|nv«M>ii, the 
annual growth rings are easily identified and defe<*ts such as knots, resin 
pockets, etc., easily located. The utilization of X-rays to examine parts of 
aircraft is of importance. Quite small flaws can 1 >e detected in alum imim pis- 
tons, cylinder heads, and crank cases. X-ray.^^ have been turntHltoa«‘count 
by the manufacturers of rubber tires in an effort to impn>ve the union 



between the rubber and the cotton fabric or cord. In the field of electrical 
engineering, the application of X-rays has made it possible to locate defec- 
tive insulation in ebonite, built-up mica, fiber, etc. 

749. Diffraction of X-rays. — When X-rays are scattered by an 
amorphous body, the scattering takes place in a continuous 
manner. If the scattering is produced by a crystalline substance, 
the scattered rays are grouped in separate pencils which produce 
isolated spots on a photographic plate (Fig. 747). The arrange- 
ment of these spots is intimately connected nith the crystal 
structure. These spots are produced by the interference of 
waves diffracted at a number of centers, which are determined by 
the atoms or molecules of which the crystal is built. These 
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diffracting centers make the crystal act for X-rays as a diffraction 
grating acts for light waves. 


Suppose that a series of particles (Fig. 748) all lie in the same 
plane. These are the atoms or units which scatter the X-rays 
When a beam of X-rays passes over these atoms, each atom emits 



Fig. 748. — Reflection of X-rays 
a series of particles. 


a diffracted wave which spreads 
out in the form of a sphere. All 
diffracted wavelets are tangent to 
the wave front ED and thus 
combine to form a new wave 
which obeys the ordinary laws of 
reflection. 

To bring out more clearly this action, 
let the crystal structure be represented 
by a series of planes (Fig. 749) which 
are parallel to each other and an 


equal distance D apart. Now let a train of waves ABj A'B' of wave 


length X be incident on this surface. After reflection by the atoms of the 


crystal, some of these scattered waves travel along BC. The paths by which 
they have come are ABC^ A'B'C, A"B"Cy etc. Now draw BN perpendicu- 
lar to A'B' and produce A'B' to D where D is the mirror image of B in the 



Fig. 749. — Reflection of X-rays from successive planes. The waves reinforce 
when n\ = 2D sin x. 


plane through B'. Since B'B" = B'D and A'N = AB, the difference 
between A'B'C and ABC is equal to ND = 2D sin x. Similarly, A"B"C 
is greater than A'B'C by the same distance, and so on. If DN is the length 
of a wave or a whole multiple of wave lengths, all the trains of waves reflected 
by the planes PP', PiPi, etc., are in the same phase and their amplitudes 
are added together. If DN differs but slightly from one wave length, 
many thousand reflections having taken place, there will be all sorts of phase 
relations and the resultant amplitude wiU be nearly zero. 

When a monochromatic train of waves strikes the face of the crystal, 
no reflection takes place except when the glancing angle has values given 
by the following equations: 
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X = 21) An J:. 

2\ - 2D sin X-, 

3X = 2D sin j*-; et<*. 

If the crystal is slowly turned around s<3 that the glancing angle steadilv 
increases, in general there is no reflected beam, hut as the angle assume^ tlie 
values xiy X 2 , J*3, etc., there is a reflection of the rays. At another fare 
of the crystal which has a different spacing D\ these inonoch nematic ray> 
will be reflected only when 


X = 21)- sin j i *. 

2X = 2D' sin xA. 

3X = 2D' sin xr/; etc. 

If the glancing angles are measured on an X-ray spetdroineter ami if the 
wave length of the X-rays is known, it becomes jH)ssible to calculate the 
distance between the planes in the crystal. If, however, the dhtance 
between the crystal planes is known, the wave length of the X-rays can 
he calculated, just as the wave length of light is calculated from observations 
with a diffraction grating. For rock salt, D = 2.81 X cm. For X-niys 
from palladium, X = 0.586 X 10“*^ <*m. Hence, the distance betwe€‘U the 
planes in rock salt is about five times as large as the wave length of thest^ 
X-rays, 

Example. — With an X-ray spe(*trometer using a rock-salt <‘rysta! the 
glancing angle for the first reinforcement \u = 1 : was found to be 15.8 deg. 
If the wave length of the incident X-rays was 1.54 A., what is the distance 
between the crystal planes? 


X// 
n 
X 

sin d 
d 

760. X-ray Spectrometer. — Aii X-ray spectrometer is used for 
measuring the wave length of X-rays or for determining the 
distance between the crystal planes. Such an instrument is 
represented in Fig. 750. The X-ray bulb is completely enclosed 
in a box covered with lead. This screening is neee.ssary to pro- 
tect the rest of the apparatus and the operator from the direct 
action of the X-rays. A Coolidge X-ray tube with a molyb- 
denum target is used. These rays have a wave length of 0.712 
X 10“* cm. for the if-line of molybdenum. When a copper 
anticathode is used, the X-line from copper has a wave length of 
1.54 X 10“® cm. By means of two lead slits A and B. a beam of 
parallel X-rays is isolated. They are taken from the target in 


“ 2d .silt A 
= 1 

1.54 10“^ cm. 

= 0.273. 

X . ^ _ 1.54 >: iO-^ ^ . 

2 ^ 2 X 0.273 


to- 
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such a way that they are as nearly as possible perpendicular to 
the axis of the tube. After passing through the slits A and B, the 
rays fall on the crystal C which acts as a grating. After reflection 
from this crystal, the rays are received in the ionization chamber 
E. Before entering the ionization chamber, the rays fall on the 
slit D by means of which rays coming in the desired direction 
from the crystal can be selected for examination. In the ioniza- 
tion chamber the X-rays produce ions; and by measuring the 
amount of this ionization, the intensity of the X-rays can be 
determined. The ionization chamber can be revolved about the 



Pig. 750. — X-ray spectrometer for measuring the wave lengths of X-rays. When 
the X-rays enter the ionization chamber, they make the gas in it a conductor. 

axis of the spectrometer and the intensity of the rays in different 
directions determined. The ionization chamber is filled \dth 
some gas which is easily ionized and then connected to an 
electrometer or an electroscope. 

751. Crystal Structure. — The atoms and molecules of a crys- 
talline substance are arranged in a definite pattern with perfect 
regularity and the whole crystal is built up by packing together 
crystal units or groups of atoms. These groups are all similar 
and similarly oriented in the crystal and are formed of the fewest 
possible number of atoms, consistent with the requirement that 
it is possible to build up the entire crystal out of these groups. 
The entire crystal can be thought of as divided into cells in the 
form of parallelepipeds by three sets of parallel planes. The 
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planes belonging to one set an- all parallel ami equidistant, hut 
the distance between the planes need not be the same for all 
three sets of planes. The different sets of planes may make any 
angle with each other. 

In the simplest crj'stal structure, tin- particles occupy tin- 
corners of elementary cubes. There are three kinds of lattico 



Fig. 751. — Simple cubic Fig. 752. — Body-een- Fig. 753, — Face-centered 
lattice. tered cubic lattice. cubic lattice. 


which give cubic forms to crystals. The first structure is known 
as a simple cubic lattice. It contains eight points situated at the 
eight corners of a cube (Fig. 751). The second kind of cubic 
lattice is called a body-centered cubic lattice. It consists of 
nine points, one being at the center of the cube and the eight 
others at the corners (Fig. 752). The third kind of cubic struc- 



Fig. 754. — Gold atoms Fig. 755. — Crystal lattice of 

magnified 30 million di- rock salt, 

ameters. 


ture, called a face-centered cube, coasists of fourteen points, one 
at the center of each face and one at each corner (Fig. 753). 
These lattices are similar, in so far as they have in common three 
rectangular axes of equal length. The external forms of crystals 
built around these axes may differ from one another. The 
crystal may become a cube, an octahedron, a tetrahedron, or a 
dodecahedron. The crystals of copper, silver, gold, platinum, 
etc., are face-centered cubic lattices. Figure 754 show.s the gold 
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lattice magnified thirty million diameters. This is one of the 
closest possible forms of packing atoms. It accounts in part for 
the densities of these elements. Iron, sodium, tungsten, etc., are 
body-centered cubic lattices. The units of which these lattices 
are built are in aU cases atoms or ions. In Fig. 755 is shown 
the way in w^hich the sodium and chlorine atoms are arranged in 
a crystal of rock salt. 


Example. — ^The density of rock salt is 2.16 g. per cubic centimeter and its 
molecular -weight is 58.45. What is the distance between the atoms in a 
rock-salt crystal? 

The number of molecules in 58.45 g. of rock salt (Avogadro’s number) 
= 6.06 X 1023. 

The number of molecules in 1 g. of rock salt = 1.04 X lO^s. 

The number of molecules in 1 c.e. of rock salt — 1.04 X 2.16 X lO^- = 
2.25 X 1022. 

The number of atoms in 1 c.c. of rock salt = 2 X 2.25 X IO 22 

= 4.50 X 1022. 

The number of atoms in a row 1 cm. long = 4.50 X IO 22 

= 3.56 X 10\ 


Distance between atoms 


1 

3.56 X 10^ 


= 2.8 X 10-8 cm. 


752. Two Types of X-ray Spectra. — When electrons projected 
from a cathode strike the anticathode, and the X-rays thus 
produced are resolved into a spectrum by means of an X-ray 
spectrometer, it is found that there are two spectra. One is a 

continuous spectrum -whose 
upper limit of frequency is 
determined by the velocity of 
the electrons. The other is a 
line spectrum which is charac- 
teristic of the element that is 
used for the anticathode. 
Figure 756 show's the combina- 
tion of a continuous and a line 
Glancing Angle spectrum for molybdenum. In 

Fig. 756. — Intensity of X-rays showing this figure, the intensities of the 
the i-series of lines. 

the vertical axis and the wave lengths on the horizontal axis. It 
is to be observed that the intensity does not change uniformly 
■with the wave length, but that rapid increases in the intensity 
appear where the spectral lines characteristic of the element are 
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I'lti. 757. — r' -'i 

X-ray spectra. Notice the decrease in 
wave length the atomic number 
increases. 


emitted. The continuous X-ray Hp(‘(*truiii is nhuluiiou^ to white 
light in the visible region of the 
spectrum. 

763. Characteristic X-ray 
Spectra. — The characteristic 
X-ray spectra of all the ele- 
ments are very much alike. 

In all of them, the relative 
positions and intensities of the 
lines are essentially the same. 

The absolute positions of the 
lines change from element to 
element. As the atomic num- 
ber of the element increases, 
the wave length of the lines 
shifts toward the shorter wave 
lengths. Figure 757 shows 
these spectra as they were first 
photographed by ^Moseley for a 
few of the elements of higher atomic numbers. The similarity 

of the spectra is quite evident 
and the shift toward the shorter 
wave length quite apparent. 
Further resolution shows that 
instead of single lines there is 
in each case a group of lines 
l 3 dng near to each other. One 
of these groups is known as the 
iT-serieSj another as the L- 
series, and another as the 3/- 
series. The frequencies of the 
lines in the X-series are greater 
than the frequencies of the 
lines in the L-series. Similarly . 
the frequencies of the lines in 
the i-series are greater than 
those of the 3f-series. Figure 
758 show's the relations between 
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Wave Lenghts in Angstroms 
758. — Diagrammatic representa- 


tion of characteristic X-ray spectra. 

these series of lines when they have been still further resolved. 
Here, they have been resolved into two or three components. 
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but they can be resolved into a still greater number of compo- 
nents. A typical K-senes consists of four strong lines known 
as Kcc\ and a number of much weaker lines. The 

L-series consists of many more lines than the iiL-series and the 
JT-series of very many lines. 

To bring out the relation between the frequency of a given line 
and the atomic number of the element from w'hich it origi- 
nated, Moseley plotted a curve showing the relation between 
the square root of the frequency of the line and the atomic 
number of the element by w'hich the line was emitted. Figure 
759 gives such a diagram for the and lines. Here the 
atomic number has been plotted on the horizontal axis and the 
square root of the frequency on the vertical axis. It is at once 



Fig. 759. — Relation between atomic number and square root oi frequency. 


seen from this figure that the square root of the frequency is 
proportional to the atomic number of the element. Similar 
straight lines were obtained for each of the spectral lines in 
the characteristic X-ray spectrum. 

764. Absorption of X-rays. — If a sheet of any substance is 
placed in the path of a homogeneous beam of X-rays, the intensity 
of the beam is diminished. It falls off logarithmically with the 
thickness of the sheet. Let Jo be the initial intensity of the beam, 
and I its intensity after passing through a thickness d of the 
material. Then, 

I = Joe^i^-, 

where jjl is the coeflhcient of absorption of the radiation in the 
particular absorbing material, and e is the base of the natural 
logarithms,. The coefficient of absorption varies with the wave 
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Wave length 

760. — Increase in ahsorpti<.ni 
eriticai wave iengthg. 


length of the X-rays used. It found ox|K^r!nie!itaIly that tliv 
absorption depends onl}" on the number of atom.s present in tin* 
absorbing layer. It is independent of their state of aggregation, 
so that ju/p, where p is the . ^ 

density of the substance, is * ^ / 

constant for a given substance f J/ 

for X-rays of definite wave S / 

length. I 

The absorption decreases as< a ' / 

the wave length of the X-rays / 
is" decreased (Fig. 760). At a ^ 

definite wave length, there is a wave lens^ 

sharp and very marked dis- ~60. — increase in absorption 

continuity in the curve which 

relates the coefficient of absorption to the wave length. At 
this point, the absorption rises abruptly to a high value. This 
increase in the absorption arises out of the fact that at this wave 
; i — — , 1 length the characteristic L- 

Xjt'^ AbsorpfioTi I i*j* /•ii i i* i 

^ radiatiou of the absorbing siib- 

Z^-Atsorpiion L/wk—f | stauco is emitted for the first 

I ' / ' / time. The energy of this char- 

j~7 i / acteristic radiation must come 

; / : / L from the primary beam. After 

I \ jj/ I / passing this discontinuity 

s to j ^ 7 which occurs when the L-radia- 

I 1 /i ^ begins to be emitted, the 

n. 5 ^ ^ Y absorption again decreases with 

/ : the wave length until that wave 

/ j I length is reached at which the 

4 ; characteristic X-radiation of 

/ 1 the absorbing substance is 

emitted. The emission of this 

I JT-radiation again gives rise to 

® a second discontinuity, and 
Fig. 761.— Detail of X-ray absorption the absorption is again increas- 

ed. But it decreases rapidly 
as the wave length of the radiation is still further decreased. The 
wave lengths at which these discontinuities occur have been meas- 
ured with great accuracy. They are characteristic of the atoms 
which form the absorbing substance. 


LrAbsorpf/on 

I I f , 
L^-'i^bsorpfion 

L;^-AbsorpiQn Limit f 


'-K-Absopfion Li/n'rf j 
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765. X-ray Energy Levels. — These empirical data on the 
characteristic X-ray spectra can now be used to give valuable 
information about the arrangement of the electrons in the atom. 
To bring out more clearly the conclusions to be drawn from these 



data it is desirable to. construct an X-ray energy-level diagram 
for the atom like the one constructed for the hydrogen atom (Fig. 
737). Such a diagram is given in 762 for uranium. This 
diagram shows a number of energy levels corresponding to the 
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energy which an electron has in one of the shells of electrons which 
surround the nucleus of the atom. The lowest energy level is 
kno\ra as the -ff-level. This is a single level and gives the energv" 
associated with one of the tw'o electrons in the A^-shell, which 
is the shell of electrons nearest the nucleus of the atom. The 
next highest level is the L-level, wiiich is a triple level and gives 
the energies of the electrons 
Avhich lie in the L-shell. There 
are eight of these electrons 
w^hen the shell is completed, 
but they are subdivided into 
three groups and the energy of 
an electron in one of these 
groups is not the same as the 
energy of an electron in another 
of these sub-groups. In the 
same way, the ilf-energy levels 
represent the energies of the 
electrons in the ilf-shelL 
These levels are also multiple- 
valued. 

Consider now the lines of the 

A-series. They are produced 763 .--Diagrammatic representa- 

1 , , j* n* i* ± tion of emission of X-rays as an, electron 

by electrons failing from an out- passes from an outer to an inner shell. 

side shell to a A-shell (Fig. 

763). Before such transfers of electrons can occur, vacant spaces 
in the iT-shell must be provided. The iv-shell has normally tw'o 
electrons in it. To pro^ude a vacant space in the A-shell, one 
of the electrons normally in the iT-sliell must be removed from 
this shell and carried outside of the atom since there will be no 
vacant spaces betw^een the iv-shell and the last shell of electrons in 
the atom. It is here assumed that the L-shell, the 3/-shell, etc., 
are also filled with all the electrons Tvhich can enter them. Once 
there is a vacant space in the A-shell, this place may be filled 
by an electron falling into it from an outside shell. If there is 
a large number of atoms in this state of excitation, the entire 
A-series of lines will be emitted. Some of the electrons which 
thus fall to the A-shell will have come from energy levels in the 
L-shell; others from energy levels in the 3f-sheil; etc. The 
intensities of the lines will be governed by the probabilities 
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of such transfers. Where the probability of a transfer is large 
the intensity of the line will be great. Where the probability 
of the transition is small, the intensity of the line mil be weak 

Similarly, an electron may be displaced from the L-shell to 
some point outside the atom. The electrons may fall back into 
this vacant space in the L-shell and the spectral lines in the 
L-series mil be emitted. In this way, all the lines in the charac- 
teristic X-ray spectrum of an element may be accounted for. 

766. Work to Displace an Electron from One Shell to Another 
Shell. — The work which must be done to extract an electron 
from an atom depends on the forces which hold it bound in the 
atom and hence on its position in the atom. Suppose, for 
example, that an electron in the L-ring of electrons falls into 
this vacant space in the i?-ring of electrons. Energy will be 
liberated in an amount equal to the difference between the work 
required to remove an electron from the X-ring and the work 
required to remove an electron from the L-ring. Let Wk be the 
work to remove an electron from the X-ring, and Wl the work to 
remove an electron from the L-ring. The energy emitted by an 
electron in falling from the L-ring to the i?-ring is 

Wk - Wl == hv, 

where v is the frequency of the line in the X-radiation emitted by 
an electron in falling from the L-ring to the X-ring. Hence, the 
frequency of the emitted radiation is 

_Wk - Wl 


In a similar way the frequencies of other lines in the X-ray spectra 
may be calculated. 

767. The Compton Effect. — Compton show'ed that when a 
beam of monochromatic X-rays is scattered by a substance 
like carbon, lithium, or aluminum, the beam of scattered rays 
gives two spectral lines instead of one. One of these lines has 
the wave length of the primary beam, and the other has a longer 
wave length than the wave length of the primary beam. Figure 
764 shows the scattered radiation from carbon when it was irra- 
diated by the X^-line from niolybdenum. The vertical line AB 
shows the wave length of the primary radiation and the vertical 
line CD the wave length of the line produced by the scattering 
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of the Ka-iine of molybdenum. Of the t\v(j maxima, the one 
at A. corresponds exactly to the wa\'e length of the priiuarv 
radiation. The one at D eorre.'^ponds to a shifting of the primary 
wave length toward the longer wave lengths. The differeiu'e 
between the wave lengths of the un.shifted line and the .-hifted 
line is 0.0236A. 

An explanation of this shifting of a spectral line in the scatter- 
ing of X-rays is obtained by assuming that the beam of X-rays 

consists of a stream of quanta or grain- 
of energy, each of magnitude hp. 
These quanta are in motion with a 
velocity equal to the vidoi'ity of light. 
Thej’ pos.sess both energy aiul inomen- 
tum. Wlien they collide with a parti- 
cle of matter like an electron, the 



Fig. 764. — Increase in wave Fig. 765. — Collision of a with 

length of iTa-line of molyb- an electron, 

denum due to scattering. 

collision may be described in terms of the law of conserva- 
tion of momentum and the law of conservation of energy. 
By applying these two laws (Fig. 765) to the collision of a quan- 
tum with an electron, Compton calculated the change in fre- 
quency and the change in wave length which might be expected 
from such a collision. The calculated change in wave length 
was in close agreement v^ith the observed change in wave length, 
indicating that a quantum of energy behaves in such a collision 
like a particle of matter. The results of this experiment indicate 
quite clearly the necessity for thinking that energy exists in 
quanta with many of the characteristics of particles of matter. 

768. Wave Length of an Electron. — If a pencil of monochromatic X-rays 
passes through a powdered crystalline substance at C (Fig. /66) where 
the X-rays are scattered, they produce a diffraction pattern on the photo- 
graphic plate MN. This diffraction pattern consists of a series of con- 


B 
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centric fringes produced by X-rays which have been in phase or out of 
phase by an odd number of half wave lengths. 

If a stream of electrons, all having the same velocity, are allowed to 
pass through a thin JBlm of metal, a similar set of interference fringes is 



Fig. 766. — Apparatus for studying scattering of X-rays. 

produced. Figure 767 gives the results when a thin film of gold was placed 
in the path of a beam of electrons. This set of interference fringes is nearly 
like those produced by the beam of monochromatic X-rays, as shoivTi in 
the left side of Fig. 767 for aluminum. Now the fringes produced in the 



(a) (6) 

Fig. 767. — (a) Diffraction of X-rays by aluminum. {Hull.) (b) Diffraction 
of electrons by thin sheet of gold foil. ((?. P. Thomson.) 


case of the beam of X-rays are explained on the basis that X-rays are 
electromagnetic waves of very short wave lengths which reinforce or destroy 
each other. It would also seem necessary to interpret the results on the 
beam of electrons as showing that electrons have a wave length, and that 
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they also produce interference fringes. This remarkal.le re.-ult lia.s led 
the conclusion that an electron has some of the property of a wave motion, 
and that its wave length is 



where in == the mass of the electron. 
h == Planck’s constant. 

V = the velocity of the electron. 

The greater the speed of the electron, the less is its wave length. 

Example. — What is the wave length of an electron traveling at a specni 
of 10® cm. per second? 

h _ 0.55 X ^ 

inv 9.03 X 10 ~ 2 s >; iQs 
= 7.25 X 10'® cm. 

Problems 

1 . What is the shortest wave length of X-niys produced by a tu))e working 
at a potential of 50,000 volts? 

2 . A potential of 10,000 volts is applied to an X-ray tube. Calculate 
the velocity of an electron about to strike the target. 

3. Find the velocity of an electron when its mass is ten times as much as 
its mass would be if the electron were at rest. (vSee p. 520.; 

4. Find the velocity imparted to an electron in falling through a difference 
of potential of 10 volts. 

6. The electrodes of a vacuum tube are 30 cm. apart, and the difference 
of potential between them is 50,000 volts. Assuming that the ele(*t^oli^ 
move the whole distance between these electrodes, find the acceleration 
and the kinetic energy of an electron when it reaches the positive electrode. 

6. A current of 5 milliamp. flows from the filament of an X-ray tube to 
the target. If all the electrons could be collected, how long would it require 
to collect 1 g. of them? 

7. A Coolidge X-ray tube is operating on 150,000 volts. The current 
in it is 25 milliamp., and the distance between the electrodes is 12 cm. 
With what velocity do the electrons strike the anode? Relativity correction 
for change of mass of electron with its speed must be made. 



CHAPTER LXIV 


ASTROPHYSICS 

No line of separation can be drawn between physics and 
astronomy. In interstellar space physical phenomena manfet 
themselves on a tremendous scale and under conditions of pres- 
sure and temperature which cannot be found in terrestrial 
phenomena. Astrofjhysies which deals with the constitution 



Fig. 768. — ^Large 69-in. reflecting Fig. 769. — Spectrograph attached 
telescope of the Perkins Observatory, to the 72-in. reflecting telescope of 
(Ohio Wesleyan University and Ohio the Dominion Astronomical Observa- 
State University.) tory. {Courtesy Dominion Astro- 

physical Observatory.) 


and evolution of stellar bodies is essentially a branch of physics, 
devoted to large scale physical phenomena. Its instruments— 
telescopes (Fig. 768), spectroscopes (Fig. 769), photometers, 
etc. — are adaptations of instruments used in physical laboratories. 
Its principles and methods of analysis are those arrived at by the 
study of physical phenomena under controlled conditions. A 
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brief survey of astrophysics gives a good indication the range 
and universality of the principles and methods of physic,‘s. 

Hr Kd HC 


Fig. 770. — Flash spectrum and corona spectrum of the sun. Flash 

spectrum showing prominent hj’drogen lines, (h) Corona si>eetrum also showing 
the more prominent lines. The isolated bright patches are prominences rising 
above other parts of the moon’s limb and emitting these lines. iCouritsy 
Mt. Wilson Observatory.) 


759. Solar Prominences. — The ‘‘reversing layer"’ of the sun 
extends through several kilo- 
meters. Above this layer lies the 
chromosphere which is a layer of 
very bright gas several thousand 
kilometers in height. At the 
highest level it consists princi- 
pally of hydrogen and calcium. 

It is easiest to study the chromo- 
sphere at the time of a total 
eclipse. The so-called flash 
spectrum (Fig. 770) can then be 
observed. 

At the begimiing or at the end 
of totality part of the chromo- 
sphere projects as an arc of 
varying depth. A greater 
depth is visible at the center 
of the arc than at its cusps. When this arc is photographed 


Fig. 771. — An active prominence 
140, poo miles high, July 9, 1917, photo- 
graphed w'ith the A-line of calcium. 
The disk show's the size of the earth. 
(Courtesy Mt. Wilson Observatory.) 
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with a prismatic camera, the observed spectrum consists of a 
number of bright arcs. Each arc corresponds to a line of the 
spectrum of the gloving gas of the chromosphere. 



Fig. 772. — Solar corona exposed 15 sec., Jan. 24, 1925, Middletown, Conn. 
{Courtesy Mt. Wilson Observatory.) 



Rising out of the chromosphere are solar prominences (Fig. 771) 
which are clouds of flaming gas. These clouds consist mostly 
of glowing hydrogen. The height of these prominences varies 

from several hundred to sever- 
al thousands of kilometers. 
Some prominences are more or 
less quiescent. Others emerge 
from the chromosphere and 
later seem to sink back into 
it. Prominences have been 
found to extend to a height of 
830,000 km. above the surface 
of the sun. 

760. The Solar Corona. — 

The corona is a pearl-colored 
atmosphere which may extend 
as much as 13 million Mlo- 


Fig. 773. — Great sun-spot group. 

Aug. 8, 1917. The disk represents the -i v -u r xt. 

size of the earth in comparison with that above the limb of the 

of the sun spot. {Courtesy Mt. Wilson 
Observatory.) 


sun. It is observed at the time 
of a total eclipse of the sun 
(Fig. 772). The shape of* the corona ^depends on the number 
and distribution of sun spots. The spectrum of the corona 
is continuous except for dark absorption lines probably due 
to reflected sunlight. A large portion of its colored light is 
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scattered sunlight. Iii the lower layers there are a of 

bright lines, owing to unidentified elements. 

761. Sun Spots. — Upon the intensely l)rilliant visildt* siirfata* 
of the sun are often seen relatively dark areas (‘ailed sun spots 
(Fig. 773). There is great variety in the size and sfiapo of th(^<(‘ 
spots. A well-developed sun spot is roughly (innilar in outliia*. 
The inner part is darker than the outer border. In rontnL<t to 
the photosphere the inner portion of a .^un spot sc^uns to he hia(‘k. 
In reality it gives out about one-tenth as mii(*li light iwr unit 
area as the photosphere. A large group of sun s]>ots may lx? 
much as 100,000 miles in diameter. Sun spots develop rapi<lly. 
They persist a few w^eeks or months and then break up into a 
number of smaller spots. Hale showed that a sun spot is a kind 
of a solar storm resembling a terrestrial tornado. The hot vapors 
rising from the sun spots are cooled by expansion. 

Hale also found that sun spots have intense magnetic fiekis 
associated with them. The presence of these magnetic fields 
was discovered by studying the beha\ior of spectral lines when 
the light is emitted from a sun spot. Zeeman had previously 
discovered in the laboratory that wUen spectral lines are emitted 
in a magnetic field, they are split up into three or more (‘om- 
ponents. A similar splitting is observed in spectral lines when 
the light comes from a sun spot. Hale therefore concluded that 
sun spots must be centers of magnetic disturbances. From the 
separation of the components of the spectral lines he inferred the 
intensity of the magnetic fields in the sun spot. 

762. Types of SteUar Spectra. — Stellar spectra differ greatly 
among themselves. These differences are sufi&cient to afford a 
basis for the classification of stars. The following classifieati<>ii 
of stars is based on the presence or absence of certain charac- 
teristic lines in their spectra (Plates VIII and IX) : 

1. Type 0 . — The spectrum of stars of this type consists of a 
faint continuous background with bright lines superposed on it. 

2. Type B . — Spectra of this type contain only dark lines. 
The lines due to hydrogen, neutral helium, and singly ionized 
oxygen and nitrogen are prominent. 

3. Type A. — ^A great intensity of the hydrogen lines is the most 
prominent characteristic of the spectra of stars of this class, 

4. Type F , — In the spectra of this class of stars the intensity 
of the hydrogen lines diminishes. The intensity of metallic lines 
increases and lines due to neutral atoms begin to appear. 
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A4472 A4542 


K H-HeA4026 


K H-HeA4026 


A4227 


A4668 


Plate viii. (a) The bright-line spectrum of a nebula (Pa), the bright-band 
spectra of the Wolf-Rayet stars (Oa, Ob, Oc), and the dark-line spectra of classes 
Od, Oe, and Oe5. The spectral lines which are marked, H/3, H 7 , H 5, He are due fo 
hydrogen; XX4686, 4542, 4200 to ionized helium; XX4472 and 4026 to neutral 
helium; and K to ionized calcium. ( 6 ) Spectra of classes of stars form Bo to Go, 
inclusive. The line X4649 is due to ionized helium. The helium line X4472 
fades out in passing from Bo to Ao and a line due to ionized magnesium at 
X4481 comes in. The lines XX4384 and 4668 are due to neutral iron and the 
line X4227 to neutral calcium. The lines H and K, which are very strong in 
class Go, are due to ionized calcium. The band at G is due to some hydrocarbon. 







urn G H7A4405 


Plate ix. (a) This figure shows the spectra of classes of stars from G5 to M*. 
These spectra are full of arc lines of metals. The line at X4405 is due to iron; 
the bands at XX45S5, 4762, 4954 are the heads of bands due to titanium oxide. 
The bright emission lines of hydrogen Hs and are present in the lower spec- 
trum. (6) The absence of \iolet light in the stars of class N means that these 
stars are very red. The bands at XX4405 and 4737 are attributed to a carbon 
compound and the one at X 4214 in class R stars to cyanogen. 
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5. Type G . — Numerous metallic lines are present in G-tjpo 
stars. The hydrogen lines are conspicuous. Lines due to neu- 
tral atoms are stronger than those due to ionized atoms. The 
solar spectrum is of this t 3 "pe. 

6. Type K . — In the spectra of type K stars, low-temperature 
metallic lines are strong and high-temperature metallic lines are 
weak. The lines of hydrogen are less prominent. 



Fig. 774. — Globular cluster photographed with the 60-un. reflecting telescope. 
The diameter of the central part is about 15 light years and that of the outlying 
region 100 light years. {Courtesy Mt. UTYso/i Observatory.) 

7. Type M . — The spectra of this class of stars are characterized 
broad absorption bands which are most prominent in the 

violet region of the spectrum. Solar lines decrease in number and 
intensity. 

8. Type R . — This is a small class of stars which is not so red 
, those of type M or iV, but most of the prominent absorption 
les of type N stars are present. 

1 9. Type N . — Stars of this type are red. Their spectra have 
road absorption lines in the red region of the spectrum. These 
les are mostly due to carbon monoxide and cyanogen. 
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763. Globular Star Clusters.—Glohuiar star dii<tvv> i Fi^. 774 

are made up of swarms of many thoiisaiids of sttirs. Tlioy ran 
be resolved \^ith great difficulty even with a largo tehsia^pc. llio 
boundary of a cluster is a})] )rox- 
imatel 3 ’' circular. The spectra 
of globular clusters show that i 
the indmdual stars have larg<^ I 
radial velocities. All globular ! 
clusters are approximateh' of 
the same size. The central 
part of each cluster has a diam- 

eter of about 15 light years. p,.., ueiu.la in Lyr. 

The diameter of the outlving ehotographed <a: with iw-iu 
region may bo aa mud. aa'iOO S.tlw.'o"™:'.*”'"- " 
light 3 "ears. The neare.*^t 

globular cluster is about 20,000 light years away and th<* 
distance of the most remote one is alxait 220,000 light \’ears. 

The stars which (*oiu[)ose tht*?^t‘ 

clihsters are giants much gretiter 
than our sun. 

764. Nebulae. — Xchuhu^ 
appear as faint hazy (‘loiiiis ijf 
light. Sometimes they are of 
great extent. A few of the 
\*er 3 " brightest are visible to the 
naked eye. The great majori- 
tj are so faint that powerful 
telescopes are necessary" to 
stiuh" them. Planetary nebu- 
lae (Fig. 775) are roundish 
and sharph" defined at the 
edge. Diffuse nebulae have 
irregular outlines and often 

neMa, lIpo^dTL wUh Ae lOoS irregular shapes. Spiral nebu- 
reflecting telescope. (Courtesj/ -Vi. TTiV- lae (Fig. 776) are nearly flat 

son Observatory.) r\Kioot>! TViPV hp sppil 



reflecting telescope. (Courtesy Mt.Wil- lae (Fig. 776) are nearly flat 
son Observatory.) objects. They may be seen 

edgewise (Fig. 777) or in plan (Fig. 778). Gaseous nebulae 
have sharp bright spectral lines similar to those emitted by a 
rarefied gas. Extragalactic nebulae give continuous spectra 
crossed by a large number of dark lines (Figs. 779 and 780 ) . These 
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Fig. 777. — The great spiral nebula of Andromeda. It is at a distance of 
930,000 light years. {Astronomical 'photograph from YerJces Observatory, reprinted 
by permission of Chicago University Press.) 



^'iG. 778. — Spiral nebula of Andromeda on edgewise exposure for 7 hr. 15 min. 
with the 60-in. reflecting telescope. {Courtesy Mt. Wilson Observatory^) 
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spectra very clo.sely resemble the spectra of stars such as our 
sun and the character of these spectra indicates that the light 
from these nebulae comes originally from incandescent bodies 
surrounded by absorbing atmospheres. Hence these nebulae 


4000 4300 5000 



HK G P 

Fig. 779. — Spectrum of nebula in Andromeda with comparison spectrum- 
The spectrum is continuous crossed by absorption lines. {Courtesy Mi. Wilstm 
Observatory.) 

may be vast clouds of stars not visible as separate stars because 
of their great distance or they may be clouds of some form of 
matter illuminated by the light from great stars hdng within 
them. 



Fig. 780. — Spectra of different positions of the cluster Pleiades. {Courtesy 
Mt. Wilson Observatory.) 

765. Novae.— A nova is a variable star whose brightness rises 
some times to a pronounced maxunum and then descends more 
slowly vdth secondary maxima and minima at irregular intervals. 
The appearance of a nova is a rare occurrence, but several bright 
novae have been observed in the last quarter of a century, ith 
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the great telescopes and spectrographs now available much 
information has been gained about these unusual stars. Their 
spectra (Fig. 781) undergo rapid changes. During the rapid rise 
in brilliancy the spectral lines are displaced toward the violet 
The displacement of spectral lines due to the Doppler effect has 




Fig. 7S1. — Spectrum of Novae Acquiiae, showing changes in the spectrum. 
The hydrogen lines become increasingly prominent. {Astronomical photograph 
from Yerkes Observatory, reprinted by permission of Chicago University Press.) 

already been discussed. Figure 782 gives another illustration. 
This displacement indicates that the shell of gas around the star 
is expanding with explosive violence. The sudden increase in 
l^rightness must be due to a sudden release of energy in the 
interior of the star. This energy may be of sub-atomic origin. 



Fig. 782. — Spectrum of Eta Leonis. Star and earth were separating at a 
speed of 18 miles per second. {Astronomical photograph from Yerkes Observatory, 
reprmted by permission of Chicago University Press.) 


766. Spectra of Comets.— A spectroscopic study of comets 
(Fig. 783) shows that the light of a comet's head comes partly 
from reflected sun light and partly from light emitted by a lumi- 
nous gas. The former gives a continuous spectrum crossed by 
Fraunhofer lines (Fig. 784). The latter shows band spectra 
^hich arise from molecular hydrogen, from carbon monoxide, 
m cyanogen and various hydrocarbons. When the spectrum 
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of the tail is bright enougii to be <)bst‘rv(‘<l, it al>u .-hows ivfUanca! 
sunlight and bands due to carbon monoxide at extreiia‘!y low 


pressures. W lien the comet is 
sufficiently near the sun, spec- 
tral lines characteristic of sodi- 
um and other metallic vapors, 
probably including iron, can be 
observed. The presence of 
spectral lines or bands charac- 
teristic of carbon monoxide, 
molecular nitrogen, and hydro- 
carbons shows that these com- 
pounds are present in comets. 
Comets are, however, probably 
not mainly composed of these 
substances. It is likely that 
solid or liquid particles form 
the greater part of them. 

767. Interior of Stars. — The 
central portion of a wstar con- 
sists primarily of atomic nuclei 
from which the satellite elec- 
trons have been removed. The 
temperature is very high in the 
interior of a star. It decreases 
as we pass from the center to 
the outside of the star. At tl 
atoms have lost their satellite < 



Fig. 7S,3.— Comet 190S IIL Mon- 
house, Xov. IG, 19US. The tail which 
points away from the sun consists of 
very rarefied gas. The head is hazy 
cloud of faintly shining; matter. \_Astri^- 
nojnical photograph from Ytrkfn Ohserm- 
tory, nprinUd by prr7nis,non of Unu^-raity 
of Chicago Pnss.' 

e center of the star most nf tltc 
lectrons. The number of atoms 



(a) (h) 

Fig. 784. — Spectra of Morehouse comet photographed (a) with a slit spectrograph, 
(b) with an objective prism spectrograph. {Courtesy Mt. WUson Ohscrtaiory,) 

retaining their satellite electrons increases as the tlistance from 
the center of the star is increased. At the surface of the star 
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most of the atoms are complete except for one or two of the outer- 
most electrons. At the surface of cooler stars complete mole- 
cules may be found. These molecules can be identified by 
studying their spectra. 

The mean density of stars varies within wide limits. In some 
cases the density is a small fraction of the density of our sun. In 
other cases it is many times that of the sun. The central density 
of a star is much greater than its mean density. The average 
density of “white dwarfs” is many times that of the sun. The 
explanation for such a large density is found in assuming that 
the outer electrons have been stripped from the atoms lea\dng 
nothing but the nuclei. Such a nucleus would be a million times 
smaller in volume than a normal atom but its mass would be 
nearly equal to that of an atom. A gas composed of such nuclei 
could be compressed to enormous densities and there would still 
be an opportunity for the particles to move about as if in the 
gaseous state. The central density of the companion of Sirius 
is, according to the calculations of Eddington, two million limes 
that of the sun. 

There is a difference of opinion about the central temperature 
of stars. There is general agreement that these temperatures 
are very high. Central stellar temperatures lying between 

1.000. 000®C. and 40,000,000°C. are now attributed to stars 
depending on the spectral type to vdiich they belong. The 
“White Dwarfs” have in all probability much greater central 
temperatures than others. The temperature of the companion of 
Sirius is, according to the calculations of Eddington, as much as 

1.000. 000. 000°c. 

768. Sources of Stellar Energy. — Many theories have been 
advanced to account for the source of stellar energy. The only 
type of theory which seems adequate is one which assumes the 
existence of some internal store of energy which decreases very 
slowly with time. Such a store of energy might be found in the 
breaking up of more complex atoms into simpler atoms or in 
the building up of complex atoms out of simpler atoms by a 
process in which matter is partially annihilated. The first of 
these postulates assumes that elements of higher atomic weights 
than those found on the earth may be found in the interior of 
stars. This hypothesis is scarcely more than a speculation. It 
is open to many objections. The theory which assumes the 
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building up of complex elements out of simpler elements is illus- 
trated by what would happen if four atoms of hydrogen could he 
made to unite to form one atom of helium. The atomic weight 
of hydrogen is 1.008 and that of helium is 4. If a union of four 
atoms of hydrogen should take place in a way to form one atom 
of helium, the atomic weight of helium might be expected to be 
4 X 1.008 = 4.032 instead of 4, the true atomic weight of helium. 
In such a transformation there would be a decrease of 0.032 
in mass. The energy corresponding to this decrease of mass 
would be liberated during the process of combination. The 
amount of energy liberated in this way would be enough to 
insure that a star composed largely of hydrogen might have a very 
long life — thousands of millions of years — before its temperature 
would decrease an appreciable amount. 




APPENDIX A 

TRIGONOMETRIC FORMULAE 


In a right triangle ABC (Fig. 785) it is convenient to define the 
relations between the sides in the follovring way. It is to be 
remembered that this is purely a matter of definition suggested 
by convenience and that by making 
these definitions much time is saved in 
finding the sides of such a triangle. 

Consider the angle at A. Dhide the 
side BC, opposite A, by the hsrpotenuse 
AB and call the ratio, for brevity, sine A. 

Now divide the side AC, adjacent to A, "ss.— Definition of 

by the hypotenuse AB and call this ratio 
cosine A. Then divide the side BC, opposite *4, by the side AC, 
adjacent to A, and call this ratio tangent A. 


B 



sin .4 = 


cos A = 


tan A = 


side opposite _ BC 
hypotenuse AB 
side adjacent _ AC 
hypotenuse -4JS 
side opposite _ BC 
side adjacent AC 


Let c = the hypotenuse, b = the adjacent side, and a = the 
opposite side. 


. . to 

sm A = — 

a = c sin A. 

c 


cos A = — 

b = c cos A. 

c 


tan A =T- 
0 

0 = 5 tan A. 


Tables are prepared gi^dng the values of sin A, cos A, and tan A 
for all values of A. With such a table at hand it is easy to find 
any side of a right triangle when an acute angle and one of the 
sides are given. 
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Example. — In a right triangle ABC (Fig. 785) the angle A is 30 deg., and 
the side BC is 2 ft. Find the hypotenuse. 

sin A 

sin 30 deg. 

1 
2 

AB 

j^OTE. — For numerical values of trigonometric functions see Table XXIL 


- ^ 
AB' 

^ 1 
2 * 

_ 

~ AB’ 
= 4 ft. 



APPENDIX B 

COMMON UNITS 


Units of Force. — There are two sets of units of force, known as (a) gravi- 
tational or practical units and (h) absolute units. The following outline 
shows the relation of these units to each other: 


Units of Force 


''English 


Gravitational 


Metric 


- pound of force. 

- weight of pound. 
= gram of force. 

= weight of gram. 


Absolute 


English - poundal. 
Metric = d3ne. 


A force of 1 lb, or a pound of force is a force equal to the attraction of 
gravity on a mass of 1 lb. at sea level and 45® north latitude. 

A force of lg,or a gram of force is a force equal to the attraction of gravity 
on a mass of 1 g. at sea level and 45° north latitude. A force of 1 kg. is 
equal to 1,000 g. of force. 

A poundal is that force which vdU. give a mass of 1 lb. an acceleration of 
1 ft. per second per second. 

A dyne is that force which will give a mass of 1 g. an acceleration of 1 cm. 
per second per second. 

Also 1 lb. of force = 32.2 poundals, and 
1 g. of force = 980 djmes. 

Units of Work. — Units of work must be divided into two classes according 
to the units of force used in defining them. 


Units of Work 


Gravitational 


Absolute 


English 

Metric 


English 

Metric 


= foot-pound. 

= gram-centimeter. 


= foot-poundal. 
= erg. 


A foot-pound of work is the work done by a force of 1 lb. acting through a 
distance of 1 ft. 

Foot-pounds = pounds of force X feet. 

A gram-centimeter of work is the work done by a force of 1 g. acting through 
a distance of 1 cm. 

Gram-centimeters = grams of force X centimeters. 

A kilogram-meter of work is the work done by a force of 1 kg. acting 
through a distance of 1 m. 
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Elilogram-meters = kilograms of force X meters. 

A foot-poundal of work is the work done by a force of 1 poundal acting 
through 1 ft. ^ 

Foot-poundals = poundals X feet. 

An erg of work is the work done by a force of 1 dyne acting through a 
distance of 1 cm. 

Ergs = dynes X centimeters. 

A joule of work is defined to be equal to 10,000,000 ergs of work. 

Also 1 ft. -lb. — 32.2 foot-poundals. 

1 g.-cm. = 980 ergs, 

1 joule = 10" ergs. 

Units of Power. — In the English system the unit of power is the horse- 
power. The absolute unit of power is the watt. 

One horsepower is defined to be 33,000 ft.-lb. of work per minute or 550 
ft.-lb. of work per second. 


Horsepower == 


work in foot-pounds 
33,000 X time in minutes 


A watt is defined to be 1 joule of work per second or 10,000,000 ergs of 
w’ork per second. 

Watts work in ergs 

10,000,000 X times in seconds 

1 hp. = 746 watts. 

Units of Volume. 

1 liter = 1,000 c.c. 

1 gallon = 231 cu. in. 

= 8.337 lb. of water. 



APPENDIX C 

ELECTROMAGNETIC UNITS 


Unit Strength of Current. — The electromagnetic unit of current is defined 
to be that current which when flowing in a wire bent in the form of a circle 
with a radius of 1 cm. exerts a force of 27r dynes on unit magnetic pole at the 
center of the circle. This force is perpendicular to the plane of the circle. 

Unit Difference of Potential or Electromotive Force.* — .A.n electromagnetic 
unit diflerence of potential exists between two points when it requires the 
expenditure of 1 erg of work to carry an electromagnetic unit of positive 
electricity from one point to the other against the electric force. 

Unit of Resistance. — A conductor has one electromagnetic unit of resist- 
ance when one electromagnetic unit of difference of potential causes one 
electromagnetic unit of current to flow through it. 

Unit Quantity of Electricity. — One electromagnetic unit of quantity of 
electricity is the quantity of electricity conveyed by one electromagnetic 
unit of current in 1 see. 

Unit of Capacitance. — A conductor has one electromagnetic unit of 
capacitance when one electromagnetic unit of charge changes its potential 
by one electromagnetic unit. 

Unit of Induction. — A circuit has one electromagnetic unit of induction 
when the variation of the current in it at the rate of one electromagnetic 
unit per second produces one electromagnetic unit of electromotive force, 

PRACTICAL UNITS 

Resistance. — ^The ohm = 10^ electromagnetic units of resistance. It is 
also defined as the resistance at 0°G. of a uniform column of mercury 106.3 
cm. long and 14.4521 g. in mass. 

Cxirrent. — The ampere = 10"*^ electromagnetic unit of current. The 
ampere is also defined to be that unvarying current which deposits silver 
at the rate of 0.001118 g. per second from an aqueous solution of silver 
nitrate of standard concentration and at a £xed temperature. 

Electromotive Force. — The voU = 10^ ergs or electromagnetic units of 
difference of potential. It is also defined as that electromotive force which 
when applied to conductor having a resistance of 1 ohm produces in it 
a current of 1 amp. 

Quantity.— The coulomb = lO'^ electromagnetic unit of quantity. The 
coulomb is that quantity of electricity which is conveyed by a current of 
1 amp. in 1 sec. 

Capacitance . — The farad = 10"® electromagnetic unit of capacitance. A 
conductor or a condenser has a capacitance of 1 farad vrhen it is charged to a 

751 



752 


THE ELEMENTS OF PHYSICS 


potential of 1 volt by 1 coulomb of electricity. The microfarad is the 
millionth part of a farad. 

Inductance.— The henry = 10® electromagnetic units of inductance. It 
is the inductance in a circuit when an electromotive force of 1 volt is induced 
in the circuit by a current which is changing at the rate of 1 amp. per 
second. 

Power.— The watt = 10" ergs per second = 1 joule per second. It is the 
work done in 1 sec. by a current of 1 amp. flou-ing under an electrical pres- 
sure of 1 volt. The kilowatt = 1,000 watts; 1 kw. for 1 hr. is called a 
hilowatt-hour. It is represented by a current of 10 amp. flowing for 1 hr. 
under a pressure of 100 volts. 

MAGNETIC UNITS 

Unit Magnetic Pole.— A unit magnetic pole is one which when placed at 
a distance of 1 cm. in air from a similar pole of equal strength repels it with 
a force of 1 dyne. 

Unit Magnetic Field.— The intensity of a magnetic field is one oersted when 
the field acts on a unit magnetic pole wdth a force of 1 dyne. This unit 
was formerly called a gauss. Such a field is represented by drawing one 
line of force for each square centimeter. 

Magnetic Flux.— The maxwell is the unit of magnetic flux. One line of 
magnetic force is called a maxwell. 

Magnetomotive Force or Magnetic DiSerence of Potential.— The gilbert 
is the unit of magnetomotive force or of magnetic difference of potential. 
The magnetomotive force of a circuit is 1 gilbert when it requires 1 erg 
of work to carry unit pole completely around the circuit. The magnetic 
difference of potential between twm points is 1 gilbert w^hen it requires 1 erg 
of work to carry unit north pole from one point to the other. 

47r 

1 ampere-turn = gilberts. 

Magnetic Reluctance.— A magnetic circuit has a reluctance of one electro- 
magnetic unit when a magnetomotive force of 1 gilbert sets up a magnetic 
flux of 1 maxwell in it. 



APPENDIX D 

DEFINITIONS 


Many physical quantities cannot be accurately defined and many physical 
relations cannot be accurately stated without the use of the calculus. In 
order further to clarify earlier definitions and statements in the text and 
make their meaning more precise, some of them are restated here in the form 
of supplementary notes in which the methods of the calculus have been used. 

1. Linear Velocity, — The linear velocity of a body is defined as 


V 


dt 


where v is the velocity and ds/dt the first derivative of the space with respect 
to the time. 

2. Linear Acceleration. — The linear acceleration of a body is the time 
rate of change of its linear velocity. 


Acceleration = a 


dv 


dt^ 


3. Newton^s Second Law of Motion. — ^This law which states that the 
applied force is equal to the time rate of change of the momentum can best 
be written as 

_ d(mv) dv d-s 

Force = F = 

dt • dt dt^ 

where m = the mass of the body. 

F = the force measured in absolute units. 


4. Work and Power. — The work done by a force F acting on a body is, 


F = /F • ds. 


The integral is to be taken over the path along which the body moves. 
Power, which is the time rate of doing work, is 


Power 



6. Kinetic Energy.— The kinetic energy of translation of a body of mass 
moving with a velocity v, is obtained as follows: 
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dv 


dW == F ds 77ij^ds 

Kinetic energy = TF = Jf ds = m ^ 

= ?nj*v dv = ~mv- + constant. 

6. Angular Velocity. — Angular velocity is the rate at which a radius 
vector drawn to the axis of the body rotates. 

Angular velocity “ ^ ^ 

where & is the angle in radians. 

7. Angular Acceleration. — Angular acceleration is the time rate of change 
of angular velocity. 

Angular acceleration = A = ^ 

8. Newton’s Second Law for Rotary Motions. — For rotary motions this 
law states that the torque is proportional to the time rate of change of the 
angular momentum. 

Torque = T = |(I«) = l| = if, 

9. Kinetic Energy of Rotation. — The kinetic energy of rotation of a body 
is the work done in producing its state of rotation. 

Work = dW — F • ds = F ■ r • de = T - dd 

Kinetic energy = Jt = J* ^ ^ 

= I ^ CO dw = + constant, 

where F is the force and r is the moment arm. 

10. Coefidcient of Linear Expansion. — The coefficient of linear expansion, 
kj is defined as: 

^ " I dt 

where I is the length and t the temperature. 

11. The coefficient of volume expansion, h, is defined as: 

, 1 dv 

0 = - 
V dt 

where v is the volume and t is the temperature. 

12. The coefficient of thermal conductivity, /c, is defined as: 

n 

= - 




dt 

dx 
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where Q - the quantity of heat. 

A — the area o! the cross section. 

T - the time of flow. 
dt/dx ~ the temperature gradient. 

13. Coefficient of Mutual Inductance. — The electromotive force induced 
in the secondary circuit by changing the current in the primarj" circuit is: 

E..>r.§ 

where M = the coefficient of mutual induction. 

Es = the electromotive force in the secondary. 
di/dt = the rate of change of the current in the primary. 

14. The Coefficient of Self-inductance. — The back electromotive force 
induced in a circuit by a current changing in the same circuit is: 

.di 

where L — the coefficient of self-induction. 
e = the back electromotive force. 
di/dt = the rate of change of current in the circuit itself. 

16. Electromotive Force Due to Change of Flux. — If the flux in a circuit 
is changing, the electromotive force induced in the circuit is: 

n dN 

where e — the electromotive force in volts. 

n = the number of turns linking the flmx. 
dN/dt = the time rate of change of the flux. 

16. Quantity of Electricity Induced by a Change of Flux, — If R is the 
resistance of a closed circuit in which the flux is changing, the instantane- 
ous current in the circuit, and Q, the total quantity of electricity w’hich flows 
through the circuit, then 


E ' lO^R dt 


:r^(iV '2 - iNTi) coulombs. 


17. Average Value of an Alternating Electromotive Force. — The instan- 
taneous value of a sinusoidal electromotive force is: 


€ = E sin <p. 
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The average value over one-half of a cycle is: 

^^ave = " I ed<p = - E sm <p d<p = - \ sin <p d<p = — = 0.637^?. 

xjo ttJo ^JO tt 

18. The Effective Value of an Alternating Current. — The effective value 
of an alternating current is a steady current which would have the same 
heating effect as the alternating current. The heating effect is deter- 
mined by the square of the current. Hence the effective value of an alter- 
nating current can be obtained by taking the square root of the average value 
of the square of the instantaneous currents. 

i — I sin (p, 

2*2 = /2 gij^2 ^ 

1 72 

The square of the effective value = - d^p = -- sin^ ^ d^p 

72 TT 72 
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1 . Composition of Forces Not at Right Angles.— Suppose that two forees 

a and h act at an angle x with each other and it is desired to find their 
resultant c (Fig, 14). 

W 4- oi)\ 

^2 ^ ^2 + iOB -f BD)\ 

OC’ = a- sin- x -r ih -h fl cos x‘^ 

= a-(sin- X -f cos^ x} -r 2ab cos j* -f 52 
C“ = a- + 6- T- '2ab cos x. 

2. Modulus of Volumetric Elasticity for Gases. — If dp denotes the change 
of pressure and dv the corresponding change of volume, the modulus of 
volumetric elasticity E is; 



If a gas is compressed or expands at constant temperature, Boyle’s law holds 
and 


pv = PV — constant, 



f.e., the modulus of isothermal elasticity is numerically equal to the pressure. 
If the gas expands or is compressed adiabatically, 

pi>k = pyk = constant, 

where 

p _Cp _ specific heat at constant pressure 
” ” specific heat at constant volume 


kpv * ^ + i;* 


V 



= 0 . 

= — fcp. 


Ea 
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Differentiating, 
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3. Moment of Inertia of a Disk. — The moment of inertia, which is the sum 
of the products of the individual masses and the square of their respective 
distances from the axis of rotation, can be written as 


* dm, 

0 


where the integral is to be taken over the entire mass. 
For a disk of radius a, thickness Z, and density p we have, 


Hence 


dm 

I 


TTpaH 


2'nrplr dr. 

27rpl^ dr 

27rpZ-p = 27rpl— 

4|o 4 

Tpla^ 

M — mass of the disk. 


Ma^ 


4. Simple Harmonic Motion. — The method of the calculus simplifies the 
analysis of simple harmonic motion. 


Let 6j = the angular velocity of OP (Fig. 167). 

X = R cos 0 ~ R cos cot. 

^ = y — —Roo sin cot. 
dt 

dV , ^ ^ 


( 1 ) 

( 2 ) 

( 3 ) 


Dividing equation (3) by equation (1) 

Ax _ _Rco^ cos cot 
R cos cot 

- 

whence 


2xa/_^. 

Ax 

6. Velocity of Waves in a Cord. — Suppose that a transverse wave is 
traveling toward the right in the cord (Fig. 786). 

Let T = the tension in dynes. 

m = the mass in grams per centimeter. 

F == the velocity of the wave in centimeters per second. 
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Now assume that while the pulse or wave is moving toward the right with 
a velocity T , the cord is itiade to move toward the left with an velocity. 
As a result of these superposed velocities, the wave appears to stand still. 
For simplicity assume the pulse is circular in form aiifi consider a small 
segment ds of the cord. The components of the tension T along tla* radius 
CO is: 

F = 2T sin d$ = 2T dd approx. 

Since 2 dd — ds/R and de = ds '2R, 



O 

Fig. 786. — Transverse -wave in a stretched string. 


The centrifugal force on the element ds of the cord of mass m ds is, 

f ^ m ds~ 


Since the cord is in equilibrium, the force F due to tension and the centrifugal 
force / must be equal. 

Hence, 

^ = ^R- 

T 

T2 = 1. 

m 



6. Standing Waves. — A simple harmonic motion can be represented by 
an equation of the form, 


y = a sin 


where a is the amplitude, y the displacement, and T the period. Every 
particle of the medium through which the wave passes has a motion of this 
type. The vibrations, however, are not all in the same phase. The dif- 
ference in phase increases with the distance from the origin. At a distance 
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X from the origin the difference in phase is 2tx/\. The complete equation 
for the wave then is : 


y 


a sin 2x 



Standing waves are produced by the superposition of an incident and a 
reflected train of waves. The equation of the incident waves is: 


?/2 = a sin 

and that of the reflected waves is: 


Ui ~ —a sin 




The resultant displacement due to both trains of waves is, 

2 / = + 2/2 = a sin 2x^1^ ^ ^ + f) 


X t 

= —2a sin 27r- cos 27r^- 


If we denote the resultant amplitude by A = —2a sin 2tx/\ 

y = A QOS 27r~ 


Hence each point in the cord has a simple harmonic motion whose amplitude 
is A = —2a sin 27r x/\. This amplitude varies from point to point along 
the wave train. When x — 0, x = X/2, x = X, etc., the amphtude is 2 ero 
and these points are nodes. 

7. Work Done in an Isothermal Expansion. — When a gas expands iso- 
thermally the work done by a piston in moving a distance ds is : 

dW — pa dsj 

where a is the area of the piston and p the pressure. Since a ' ds = dv = 
the change in volume, 

dW = p dv. 

' p dv. 

Wl 

For any isothermal change, 

pv = RT 


p = . 


RT 


w = Y'—dv = RT f 

Jvi V Jvi 


'V2 db 
ZJi V 


^ RT log< 


Vi 


. and 
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8. Potential at a Point.— The potential at a point is the work nece.ssarv 
to bring unit positive charge from infinity to that i«jint. I,, the ease of a 
fsT = ^ electricity, the force at a di.stance r from t he charge 

The work dll to carry unit charge a distance dr against this force is: 


— F dr ~ ^dr 


The potential at the point = T" = f^F dr ^ 

Jo r 


dr 


9. Energy to Ch^ge a Body.— The energy E reciuired to charge a iwdy 
of capacity C with Q units of electricity is: 

dE = V • dqj 

where dE = the energy required to add an infinitesimal charge dq to the 
body when its potential is v. 

Since, 

dE = 

10. Laplace’s Law. The intensity dH of a magnetic field at a point P 
(Fig. 787) due to a current / in a small 
element of a conductor ds is proportional to 
the current, to the length of the element, to 
the sine of the angle between the direction 
of the current and the radius from the ele- 
ment to the point P, and inversely propor- 
tional to the square of the distance from 
the element to the point P. This relation 
between the current and the magnetic field, 
known as LaplacFs law, is: 

dH — sin d, 

where the current is measured in electro- 
magnetic units, the magnetic field in 
oersteds, and the distance in centimeters. 

The magnetic field is perpendicular to the 
plane which passes through P and the ele- 
ment of the current. It is impossible to prove this law for a single element 
of the conductor, but it can be tested for a complete circuit. 



Fig. 787. — Magnetic field 
produced by a long wire carry- 
ing a current. 
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At the center of a loop of wire bent in the form of a circle of radius R 


dH 


I 


Since 


sin ^ = 1 and ds = R i 


H = 


X 


2^1 R dd 
R^ 


27r/ 

T 


oersteds. 


rJo 


dd 


For a long straight wire, H = 21 1 R oersteds where R ^ distance from 
the wire. 

11. Force on a Conductor Moving in a Magnetic Field. — When a con- 
ductor of length I is moving across a magnetic field of strength B with a 
velocity y, the electromotive force generated in it is; 


e = Blv abvolts. 


The power to keep the conductor moving with this velocity is : 

Power ^ le — BIlv, ergs per second, 

where / is the current in the conductor in abamperes. In terms of the 
force F acting on the conductor, the power is: 

Power = Fv ergs per second. 

These two expressions for the power must be equal. Hence, 

Fv = BIlv, 

F = BlI dynes. 

12. Rise and Decay of Current in an Inductive Circuit. — When a constant 
electromotive force E is applied to a circuit which contains resistance R 
and an inductance L, there is an induced electromotive force w'hich opposes 
the rise of the current. The relation between the current i, the impressed 
electromotive force E, and the back electromotive force e = L di/dt is given 
by the equation, 


E — L Ri 
at 


E 


Dividing by R and transposing, ^ 


. _Ldi 
Bdt 


When this equation is solved for the current, we have, 
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If, after the current has attained its final value, the impressed elect ronioiiv* 
force is short-circuited leaving the circuit closed, the current in the eireu;*’ 
dies down exponentially. The current in the circuit at any instant is give ^ 
by the equation, 


j "idf ^ _Rr 
1 i lJc 

log 7 = - r^- 


■ r -T‘ 

t = le ^ . 

13. Discharge of a Condenser Through a High Resistance. — When the 
terminals of a condenser which has been charged with Q units of electricity 
are connected through a high resistance, the condenser discharges exponen- 
tially. The relation between the instantaneous charge on the condenser 
and the time is given by the equation: 

1 - p.- - -pii 

^ - -Ldt 

Q RC 




Qe 

14. Energy Stored up About a Circuit. — The energy stored up in a circuit 
for which the coefficient of self-induction is L is equal to the work required to 
establish the current in the circuit or the energy which will be released when 
the current is eliminated. The back electromotive force due to the self- 
inductance in the circuit is: 

jdi 

The work done against this back electromotive force in the time dt is, 

di 

e • i • dt — L ’ i-^dt — L ' i • di. 


W = e^i-dt 


L - i ’ di 


The whole work is, 
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16. The Lens Formula. — In Fig. 788 let V be a point source of light on the 
principal axis. A ray VA on entering the glass will be bent toward B4. 
the normal to the surface at A. By the law of refraction, 

sin VAC smi . , r r x- 

^ SAB ^ refraction of glass. 

If A lies near the principal axis, the following approximate relations may 
be written down: 


AP AP 

PV object distance U 
AH ^ AP AP 

CP radius of curvature Ri ’ 

r ^ = -AP 

PU image distance V ' 
, . AP AP 
U PT’ 

AP _AP 
■ "F 'W' 



Fig. 788. — Refraction of light at a 
spherical surface. 


Since i and r are small, 


sin ^ i . . 

= - = 71, approximately 


and 



Hence 

1 - 

U JJi ”V7 bJ 


and 


n 1 _ n — 1 

F U ~ Ri 


This gives the equation for a single spherical surface. 

To get the equation for a lens consider Fig. 789. 

Suppose that the ray now emerges from the glass at a convex spherical 
surface and that the curvature of the convex surface is greater than the 
curvature of the concave surface. The refraction at the concave surface 
produces an image of the object F and this image is located at TF, a distance 
F' from the surface. In this case the relation between the image and the 
object is given by 


n 1 n — 1 
F' U “ST"* 
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For the convex surface, W may be considered the object and F' the object 
distance. Refraction at the second surface of radius of curv’ature pro- 
duces an image at U. The light now goes from glass to air and the index 
of refraction in such a case is the reciprocal of the index of refraction when 
the light goes from air to glass. For this case. 


^ n 

F V' ~ 

Jl — JL - n — l 
V V' ~ 

Combining these equations give 



Fig. 7S9. — Refraction of light by two spherical surfaces. 


If the rays are parallel, U » and 1/U =0, T’' = /. 

Hence, 

* 1 1 i 

F U f 

In the case of a double-convex lens the surfaces are curved in opposite 
directions and the radius of curvature Ri must be considered as reversed in 
direction. A real image produced by such a lens is on the side opposite to 
the source of hght. The formula for a double-convex lens, producing a real 
image, becomes, 





1 

/ 


Since regard must be had for the signs of Ri, R 2 , Uj F, and/, the following 
convention is generally accepted: Consider Ri^R^, U, F, and /positive, when 
conditions are those found in the typical case of a double-convex lens produc- 
ing a real image and consider either of them negative when it is measured in a 
direction opposite to that found in the typical case of a double-convex lens 
producing a real image. 
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Table I. — Densities op Solids and Liquids 

Density Density 


Substance Substance 



Per Per 

Per 

Per 


c.c. cu. ft. 

c.c. 

cu. ft. 


grams pounds 

grams 

pounds 

Alcohol at 20*C. 

0.789 49.3 Iron (wrought) 

7.80 

480. 

Aluminum 

2.65 164. Kerosene 

0.82 

51.2 

Balsawood 

0.16 10. Leather 

0.90 

56. 


8.60 535. Lead 

11.37 

710. 

Brick 

2.10 131. Mercury 

13.60 

840. 

Copper 

8.93 655. Nickel 

8.90 i 

556. 

Cork 

0.24 15. Oak 

0.80 

50. 

Diamond 

3.52 220. Pine 

0.50 

31.2 

Ether at 0°C 

0 . *IZi 45 . 9 Sandstone 

2.25 

140. 

Glass (crown) 

2.50 156. Silver 

10.50 

655. 

Glass (flint) 

3 . 70 230 . Turpentine 

0.87 

54.3 

Gasohne 

0.79 49.4 Tin 

7.29 

455. 

Gold 

19.32 1200. Water (fresh).. 

1.00 

62.5 

Glycerine 

1.26 78.7 Water (sea) .. . 

1.03 

64.4 

Ice 

0.917 57.2 Zinc 

7.15 

446.2 

Iron (cast) 

7.20 450. 




Table II. — Densities of Gases 




Density at 0®C- 

Density at 0°C. 

Gas 

Per Per 

Per 

! Per 


liter cu. ft. 

liter 

cu. ft. 


grams pounds 

grams 

pounds 

Air 

1.2930 0.0807 Chlorine 

3.214 

0.2011 

Acetylene 

1.1791 0.0736 Hehum 

0.1785 

0.01116 

Ammonia 

0.7708 0.0481 Hydrogen 

0.0899 

0.00561 

Carbon dioxide. . . 

1.9768 0.1234 Nitrogen 

1.2507 

0.0781 

Carbon monoxide. 

1.25 0.0781 Oxygen 

1,4291 

0.0892 


766 
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Table III. — Elastic Coxstaxts 


Substance 


Young’s modulus 

Breaking 
i strength 

per sq. in. 


Per sq. cm. 

Per sq. in. 

Aluminum. . . 

7 

grmns 

X 10» 

pounds 

9.8 X 10' 

imunds 

1.3 to 2.1 X 10* 

Brass 

10 

X 10^ 

14. X 10' 

4.4 to 5.6 X 10* 

Copper 

12 

X los 

17. X 10' 

4.0 to 4.4 X 10* 

Gk)ld 

8 

X 10* 

11.2 X 10' 

1.56 X 10* 

Cast iron 

13 

X 10* 

18. X 10' 

1.1 to 3.3 X 10* 

Wrought iron 

20 

X 10* 

28. X 10' 

4.1 to 6.4 X 10* 

Steel 

22 

X 10^ 

31. X 10' 

10 to 11 X 10* 

Nickel 

20 

X 10® 

28. X 10' i 

7.6 X 10* 

Silver 

7 

9 X 10® ! 

11.1 X 10' 

4.1 X 10* 


Table IV. — Compressibility of Liquids 


Substance 

Tem- 
pera- * 
ture 

Compressibility 
per atmosphere 
per sq. cm. 

Substance 

Tem- 1 Compressibility 
pera- « per atmosphere 
ture ■ per sq. cm. 





'C. ! 

Ethyl alcohol. 

14 

0.0000987 

! Mercury. . . , 

20 i 0.0000039 

Ethyl ether. . 

0 

0.000143 

1 Turpentine.. 

20 ^ 0.000075 

Kerosene .... 

20 

0.0000543 

' Water 

il 

20 0.00004S 

1 \ 


Table V. — Coefficients of Friction 


Substances 

Limits of ! 
coefficient 

Substances 

Limits of 
coefficient 


F 


F 


^ = P 



Wood on dry wood. 

0.25 to 0.50 

Leather on iron. . . . 

0.30to0.S0 

Metals on dry wood 

0.20 to 0.60 

Leather on wood. . . 

0.30 to 0.50 

Metals on dry 


Iron on stone 

0.30 to 0.70 

metals 

0.15 to 0.20 

Wood on stone 

0.40to0.60 
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TjiBLE VI— Stjbface Tension 


Substance 

Tem- 

pera- 

ture 




Surface 
tension 
per cm. 


°C. 


Hill 


H 

Acetic acid ' 

20 

23.9 X 10-* 

Mercury 

18 

556 XlO-5 

Alcohol (ethyl)..' 

20 

22.1 X 10-5 

Turpentine... 

20 

28.9 X 10-5 

Ether (ethyl)... 

20 

17.2 X 10-5 

Petroleum.. . . 

20 

26.4 X 10-5 

Glycerine 

18 

64.5 X 10-5 

Water 

20 

74.3 X 10-5 


Table VIL— Pkopbbtibs of Aqueous Vapoe 
Boiling points of water at pressures near standard atmospheric pressure. 
The pressures are given in millimeters of mercury at O'C. at the sea level 
in latitude 45°. 


Pres- 

sure 

Tempera- 

ture 

Pres- 
sure 1 

1 

Tempera- 

ture 

Pres- 

sure 

Tempera- 

ture 

Pres- 

sure 

Tempera- 

ture 

mm* 

°C. 

mm. j 

°C. 

mm. 

°C. 

mm. 

°C. 

733 

98.99 

745 

99.44 

757 

99.89 

769 

100.33 

735 

99.07 

747 

99.52 

759 

99.96 

771 

100.40 

737 

99.14 

749 

99.59 

761 

100.04 

773 

100.47 

739 

99.22 

751 

99.67 

763 

100.11 

775 

100.55 

741 

99.29 

753 

99.74 

765 

100.18 

777 

100.62 

743 

99.37 

755 

99.82 

767 

100.26 

779 

100.69 
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Table VIII— Properties of Satcr.,ted Steam (Cen-tighade U.vits; 


Tem- 

1 Pressure 

; Volume 

1 

pera- 

ture 

Weight 

per 

sq. cm. 



Weight 
per 
sq. in. 

Per 

kilogram 

Per 

pound 


i 


Heat imits per unit mass 


Of , Latent 
water * heat 


Total 
‘ heat of 
; vapor 


^C. 

kg. 

a. 

0 

0.0063 

0.089 

10 

0.0125 

0.178 

20 

0.0236 

0.336 

30 

0.0429 

0.61 

40 

0.0747 

1.06 

50 

0.125 

1.78 

60 

0.202 

2.88 

70 

0.317 

4.51 

80 

0.482 

6.86 

90 

0.714 

10.16 

100 

1.033 

14.70 

no 

1.462 

20.79 

120 

2.027 

28.83 

130 

2.760 

39.26 

140 

3.695 

52.56 

150 

4.868 

69.24 

160 

6.323 

89.93 

170 

8.104 

115.27 

180 

10.258 

145.90 

190 

12.835 

182.56 

200 

15.890 

226.00 

210 

19.490 

277.20 


cu. m. 

eu.ft. 


204.970 

3283.00 

0. 

106.620 

1707.90 

10. 

58.150 

931.48 

20. 

33.132 

530.72 

30. 

19.650 

314.77 

40.1 

12.091 

193.68 

50.1 

7.695 

123.26 

60.1 

5.050 

80.89 

70.2 

3.4085 

54.60 

80.3 

2.3592 

37.79 

90.4 

1.6702 

26.754 

100.5 

1.2073 

19.339 

110.7 

0.8894 

14.247 

120.9 

0.6664 

10.675 

131.1 

0.5071 

8.123 

141.3 

0.3917 

6.274 

151.6 

0.3065 

4.91 

161.9 

0.2429 

3.891 

172.2 

0.1945 

3.116 

182.6 

0 . 1575 

2.523 

193.1 

0.12S8 

2.063 

203.6 

0.1063 

1.703 

214.1 


594.7 

594.7 

5S9.4 

599.4 

584.1 

604.1 

578.8 

m,8 

573.4 

613.5 

567.9 

618. 

I 562.4 

622.6 

^ 556.8 

627. 

551. 

631.5 

545.2 

635.6 

539.1 

639.7 

532.9 

643.6 

526.6 

647.4 

520. 

651. 

513.2 

654.5 

506.2 

657.8 

498.9 : 

660.8 

491.4 

663.7 

483.7 

666.3 

475.7 

668.8 

467.5 

671.1 

459.1 

673.2 


Table IX.— Meltetg and Tkeezing Points op Fats and Waxes 


Substance 

Melting 

ix)int 

Freezing i 
point 

1 

1 Substance 

Melting 

point 

Freezing 

point 


"C. 

“C. 


°C. 

“C. 

Butter 

28-33 

20-23 

Beeswax 

61-64 

60-63 

Lard 

36-40 

27-30 

Paraffin (soft). 

38-52 


Tallow (mutton). 

44-45 

36-41 

1 Paraffin (hard). 

52-56 
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Table X. — Heat Constants of Liquids 


Substance 

Boiling 

point 

Cubical 
expan- 
sion per 
°C. 

Specific 
heat, 
cal. per 
gram 

Heat of vf 

Per gram 

iporization 

Per pound 


"C. 



calories 


Ammonia 

-34. 



294 

529 

198 

Aniline 

184. 


0.514 

no. 

Alcobol (ethvl) 

78.1 

0.0011 

0.55 

205. 

369 

Benzine 

80.3 

0.00124 

0.34 

94.4 

170 

Chloroform 

61. 

0.00126 

0.232 

58. 

106 

Ether (ethvl) 

34.5 

0.00163 

0.56 

88.4 

159 

Gasoline 

70-90 

0.0012 


71-81 

128-146 

Glycerine 

290. 

0.00053 

0.58 

Mercury 

358. 

0.000182 

0.0332 

68. 

122 

Turpentine 

159. 

0.00094 

0.42 

70. 

126 

Water 

100. 

0.000301 

1.00 

538. 

970 


1 Between 20° and 40°C. 


Table XI. — Heat Constants of Solids 


Substance 

Melting 

point 

Coefficient 
of linear 
expansion 
per °C. 

Specific 
heat, 
cal. per 
gram 

Heat of fusion 

Per gram 

Per pound 


°C. 



calories 

B.tu. 

Aluminum 

657. 

0.0000255 

0.22 

76.8 

140. 

Bismuth . . . .• 

268. 

0.0000157 

0.0304 

12.6 

22.7 

Brass 


0.0000193 

0.09 



Copper 

1084. 

0.0000167 

0.0909 

43. 

77. 

Glass 


0.0000083 

0.2 



Gold 

1063. 

0.0000139 

0.0303 



Ice 

0. 1 

0.000061 

0.502 

79.8 

144. 

Iron 

1503. 

0.0000119 

0.104 

30. 

54. 

Lead 

327. 

0.0000276 

0.0302 

5.4 

9.7 

Mercury 

-38.8 


0.033 

2.8 

5.4 

Nickel 

1452. 

0.0000128 

0.109 

4.6 

8.3 

Platinum 

1756. 

0.0000089 

0.0324 

27. 

48.6 

Silver 

960. 

0.0000188 

0.0556 

22. 

39. 

Steel 


0.0000132 

0.107 



Tungsten 

3360. 

0.0000044 

0.034 



Zinc 

418. 

0.0000263 

0.0918 

28.1 

50.6 
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Table XII. — Heat of Combustion: 


Substance 


Lignite (low grade) 

Lignite (high grade) 

Bituminous coal (low grade) 

Bituminous coal (high grade) 

Anthracite coal (low grade) 

Anthracite coal (high grade) 

Wood (oak) 

Gasoline (liquid) 

Alcohol (liquid) 

Acetylene (gas) 

Hydrogen (gas) 

Natural gas (density 0.86 g. per liter) 

Carburetted water gas (density 0.85 g. per 
liter) 


Calorie.'? B.t.u. 

per gram | i>er pound 


3,520 

6,350 

3,990 

7,190 

6,090 

10,960 

7,850 

14,134 

6,990 

12,580 

7,420 

13,360 

4,620 

8,320 

11,100 

20,000 

6,440 

11,590 

11,900 

21,400 

34,460 

62,030 

11,800 

21,240 

6,240 

11,230 


Table XIII. — Specific Heats of Gases at Constant Peesscee 


Substance 

Air 

Argon 

Carbon dioxide, . . 
Carbon monoxide 

Hydrogen 

Nitrogen 

Ox>"gen 


Specific Heat 
Calories per gram 
. ... 0.2374 
. ... 0.1233 
.... 0.2025 
.... 0.2425 
.... 3.4090 
.... 0.2438 
.... 0.2175 


Table XIV. — Thekmal Conductivities 


Substance 

Thermal 

conductivity 

Substance 

Thermal 

conductivity 


c.g.s. units 
0.504 

Lead 

c.g.s. units 
0.083 

A IT 

0.000054 

Sand, white drv 

0.00093 

Brfl,s5? 

0.204 

Sawdust 

0.00012 

Copper 

0.918 

Silver 

0.974 

Cork 

0.00011 

Soil, dry 

0.00033 

Glass 

0.0015 

Water 

0.00143 

Iron 

0.161 

Zinc I 

0.265 

Ice 

0.00396 

i 
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Table XV. — Critical Data 


Substance 

Critical 

Critical 


temperature 

pressure 

atmospheres 

volume 


°C. 


c.e. 

Ammonia 

130. 

115. 

0.00481 

Carbon dioxide 

31.1 

73. 

0.0066 

Ether 

197. 

35.8 

0.168 

HeKum 

-268. 

2.3 

0.00299 

Nitrogen 

-146. 

33. 

0.00517 

Oxygen 

-118. 

50. 

0.00426 

Water 

365. 

194.6 

0.00386 

Table XVI. 

— Dielectric Constants 



Substance 

Temper- 

ature 

Dielectric 

constant 

1 Substance 

Temper- 

ature 

Dielectric 

constant 


°C. 



°C. 


Air (at 76 cm. pres- 



Dry paper. 


2. 0-2. 5 

Rii re) . - . . . 

0 

1.000586 

Paraflin. . . 


2. 0-2.3 

Hydrogen (at 76 



Quartz.. . . 


4.5 

cm. pressure) .... 

0 

1.000264 

Shellac. . . . 


3. 0-3. 7 

T^ein?:ene . . 

18 

2.29 

Sulphur.. . 


3. 6-4.3 

Ordinary glass .... 


7. 0-8.0 

Olive oil.. . 


3. 1-3.2 

Mica 


5. 7-7.0 





Table XVII. — Electrochemical Eqtjivalen-ts 


Substance 

Val- 

ency 

Per 

coulomb 

Substance 

Val- , 
ency 

Per 

coulomb 


i 

grams 



grams 

Aluminum 

3 

0.0009357 

Mercury 

1 

0.002075 

Copper 

1 

0.0006588 

Mercury 

2 

0.001037 

Copper 

2 

0.0003294 

Nickel 

2 

0.0003042 

Gold 

3 

0.000681 

Oxygen 

2 

0.0000829 

Hydrogen 

1 

0.0000104 

Potassium 

1 

0.0004054 

Iron 

2 

0.0002895 

Silver 

1 

0.001118 

Iron 

3 

0.000193 

Sodium 

1 

0.0002387 

Lead 

2 

0.001072 

Zinc 

2 

0.0003387 

Magnesium. . . . 

2 i 

0.0001261 
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Table XVIII. — Specific Resistances and Tempekatuhe Coefficiexi?- 


Aluminum 

Substance 

Resistance at 

0®C. per 
centimeter cube 

ofims 

2.906 X 10“« 

Mean ttnnperali 
eoelia-ieiit, 
O-IOO^C. 

0.00435 

Bismuth. . 

1 

108.000 X lO-® 

0.00450 

Copper. . . 


1.584 X 10-« 

0.00420 

Iron 


9.696 X 10-« 

0.00625 

Gold..... 


2.088 X 10-« 

0.00377 

Mercury. . 


94.340 X 10-® 

0.00090 

Nickel 


12.350 X 10-® 

0.00622 

Platinum . 


9.035 X 10'« 

0.00367 

Silver 


1.561 X 10-« 

0.00400 

Tin 


10.500 X 10*-« 

0.00440 

Zinc 


5.750 X 10-® 

0,00406 

German silver. 

20.890 X 10"« 

0.00027 

Table 

XIX. — Resistance op 

Soft or Annealed 

Copper Wire 


B&S 

gauge 

Diameter 
in inches 

Ohms per j 
1,000 ft. li 
at 20°C. : 
or68°F. ; 

B&S j 
gauge 

1 

Diameter 
in inches 

Ohms per 
1,000 ft. 
at 20°C. 
oreS'F. 

0000 

0.46 

i 

0.04893 

19 

0.03589 

8.038 

000 

0.40964 

0.0617 

20 

0.031961 

10.14 

00 

0.3648 

0.0778 

21 

0-028462 

12.78 

0 

0.32486 

0.09811 

22 

0.025347 

16.12 

1 

0.2893 

0.1237 1 

23 

0.022571 

20.32 

2 

0.25763 

0.156 

24 

0.0201 

25.63 

3 

0.22942 

0.1967 1 

25 

0.0179 

32.31 

4 

0.20431 

0.248 

26 

0.01594 

40.759 

5 

0,18194 

0.3128 

27 

0.014195 

51.38 

6 

0.16202 

0.3944 

28 

0.012641 

64.79 

7 

0.14428 1 

0.4973 

29 

0.011257 ! 

81-7 

8 

0.12949 

0.6217 

30 

0.010025 

103. 

9 

0.11443 

0.7908 

31 

0.008928 

129.9 

10 

0.10189 

0.9972 

32 

0.00795 

163.8 

11 

0.090742 

1.257 

33 

0.007(^ 


12 

0.080808 

1.586 

34 

0.006305 

260.5 

13 

0.071961 

1.999 

35 

0.005615 

328.4 

14 

0.064084 

2.521 

36 

0.005 

414.2 

15 

0.057068 

3.179 

37 

0.004453 

522.2 

16 

0.05082 

4.009 

38 

0.003965 

658.5 

17 

0.045257 

5.055 

! 39 

0.003531 

8^.4 

18 

0.040303 

6.374 

j 40 

0.003145 

1047. 
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T.4BLE n.-VELOCITT OP SoUND 



Temperature 

Velocity per second 


“C. 

Meters 

Feet 

Air 

0 

331.8 

1 ,^ 
11 4Sfl 

Brass 


3,500. 

4,990. 

Steel 

20 

j *ou 

16,360 

Water 

0 

1,435. 

4,710 


Table XXL-Index op Repeaction 


Substance 

Index of 
refraction for 
sodium Mne 

Substance 

Index c 
refraction 
sodium H- 

Air 

: 1.0002918 

Glycerine 

1 47~ 

Carbon dioiide 

1.000334 

Water 

1.333 

Canada balsam 

1.530 

Crown glass 

1.52 

Ffbyl alf^nbn] 

1.362 

Flint glass 

1.64 

Carbon bisulphide. . . . 

1.632 

Heavy flint glass. . . . 

1.9 


Table XXIL-Teigonometeic Functions 


A 

Sin 

Cos 

Tan 

A 

Sin 

Cos 

Ta 

0 

0.000 

1.000 

0.000 

21 

0.358 

0-.934 

0.3 

1 

0.017 

0.999 

0.017 

22 

0.375 

0.S27 

0.4 

2 

0.035 

0.999 

0.035 

23 

0.391 

0.921 

0.4 

3 

0.052 

0.999 

0.052 

24 

0.407 

0.914 

0.4 

4 

0.070 

0.998 

0.070 

25 

0.423 

0.906 

0.4 

5 

0.087 

0.996 

0.087 

26 

0.438 

0,898 

0.4 

6 

0.105' 

0.995 

0.105 

27 

0.454 

0.891 

0.5 

7 

0.122 

0.993 

0.123 

28 

0.469 

0.883 

0.5 

8 

0.139 

0.990 

0.141 

29 

0.485 

0.875 

0.5 

9 

0.156 

0.988 

0.158 

30 

0.500 

0.866 

0.5 

10 

0.174 

0.985 

0.176 







j 


31 

0.515 

0.857 

0.6 

11 

0.191 

0.982 

0.194 

32 

0.530 

0.848 

0.6 

12 

0.208 

0.978 

0.213 

33 

0.545 

0.839 

0.6 

13 

0.225 

0.974 

0.231 

34 

0.559 

0.829 

0.6 

14 

0.242 

0.970 

0.249 

35 

0.574 

0'.819 

0.7 

15 

0.259 

0.966 

0.268 

36 

0.588 

0.809j 

0.7 

16 

0,276 

0.961 

0.287 

37 

0.602 

0 . 799 '^ 

0.7 

17 

0.292 

0.956 

0.306 

38 

0.616 

0.788^ 

OX 

18 

0.309 

0.951 

0.325 

39 

0.629 

0.777 

o.p 

19 

0.326 

0.946 

0.344 

40 

0.643 

0.766 

0.839 

20 

0.342 

0,9^ 

0.364 
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Table XXIL—Trigonomethic Ymws ^ C&rdinuid 


A 

Sin 

Cos 

Tan 

A 

Sin 

Cos 

Tan 

41 

0.656 

0.755 

0.869 

66 

0.914 

0.407 

2.25 

42 

0.669 

0.743 

0.900 

67 

0.921 

0.391 

2M 

43' 

0.6S2 

0.731 

0.933 

68 

0.927 

0.375 

2.48 

44 

0.695 

0.719 

0.906 

69 

0.934 

0.358 

2,61 

45 

0.707 

0.707 

1.000 

70 

0.940 

0.3)2 

2.75 





71 

0.046 

0.3^ 

2,90 

46 

0.719 

0.695 

1.04 

72 

0.951 

0.309 

3.08 

47 

0.731 

0.682 

1.07 

73 

0.956 

0.292 

3.27 

48 

0.743 

0.669 

1.11 

74 

0.961 

0.276 

3.49 

49 

0.755 

0.656 

1.15 

75 

0.966 

0.259 

3.73 

50 

0.766 

0.643 

1.19 





51 

0.777 

0.629 

1.23 

76 

0.970 

0.242 

4.01 

52 

0.788 

0.616 

1.28 1 

77 

0.974 

! 0.225 

4.33 

53 

0.799 

0.602 

1.33 

78 

0.978 

OM 

4.70 

54 

0.809 

0.588 

1.38 

79 

0.982 

0.191 

5.14 

55 

0.819 

0.574 

1.43 

80 

0.9S5 

0.174 

5.67 





81 

0.9S8 

0.156 

6.31 

56 

0.829 

0.559 

1.48 

82 

0.990 

0.139 

7.12 

57 

0.839 

0.545 

1.54 

83 

0.993 

0.122 

8.14 

58 

0.848 

0.530 

! 1.60 

84 

0.995 : 

0.105 

9.51 

59 

0.857 

0.515 

1.66 

85 

0.996 

0.087 

11.43 

60 

0.866 

0.500 

1.73 





61 

0.875 

0.485 

1.80 

86 

0.998 

0.070 

14.^ 

62 

0.883 

0.469 

1.88 

87 

0.999 

0.052 ! 

19.08 

63 

0.891 

0.454 

1.96 

88 

0.999 

0.035 ' 


64 

0.898 

0.438 

2.05 

89 

0.999 

0.017 . 

57.28 

65 

0.906 

1 

! 0.423 

2.14 

90 

1.000 

0.000 

Inflnity 
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Abamperc, 368 
Abcoulomb, 369 

Aberration, spherical, in lens, 577 
in mirror, 562 

Absolute scale of temperature, 253 
units of force, 24 
of work, 49 
zero, 253 

Absorption of alpha rays, 665 
of light by liquids, solids, and 
gases, 608 

of radiation by soils of different 
colors, 311 
of sound, 208 

of ultra-violet radiation by the 
eye, 604 
spectra, 619 
spectrum of blood, 619 
of chlorophyll, 621 
Abvolt, 374 
Acceleration, 10, 753 
and force, 23 
and torque, 41 
angular, 152 
due to gravitation, 27 
in circular motion, 170 
uniform, 10 
Achromatic lenses, 609 
prisms, 607 
Addition of vectors, 9 
Adhesion, 83 
Adiabatic change, 328 
Air, absorption of radiatioi^, 311 
buoyancy of, 113 
composition of, 112 
liquefaction of, 292 
pressure of, 114 
thermometers, 251 


Air, weight of, 112 
Air-lift, compressed, 125 
Air-pressure tank, 124 
Alloys, temperature coefficient 
381 

Alpha particle, 663 
bombardment by, 682 
particles, counting of, 6t)4 
rays, absorption of, 665 
scattering of, 666 

Alternating-current circuits, power 
in, 501 
currents, 494 

e.m.f., average value of, 496) 
effective value of, 496 
Ammeter, 371 

measurement of resistance with, 
386 

Ampere, 368 
Amplitude, 188 
Analysis, spectnim, 615 
Anatomy of eye, 598 
Angle, critical, 571 
of repose, 62 

Angular acceleration, 152, 754 
motion, equations of, 152 
velocity, 149, 754 
of pulleys and wheels, 151 
Annular eclipse, 545 
Antenna, 533 
Aperture, of a lens, 587 
Applications of the screw, 75 
Aqueous vapor, tables of, 768 
Archimedes’ principle, 103 
applied to fish, 105 
explanation of, 104 
Armature, drum, 461 
e.m.fs. in, 458 
ring, 461 

Astigmatism, 601 
Astronomical telescope, 592 
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Astrophysics, 732 
Atmosphere, depth of, 119 
electricity, 360 
height of, 119 
refraction by, 569 

Atmospheric humidity, importance 
of, 295 

pressure, applications of, 119 
Atom, structure of, 674 
Atomic model, Rutherford-Bohr, 
674 

Thomson’s, 674 
Atoms, weight of, 520 
Attraction, gravitational, law of, 27 
Audibility, maximum and minimuin, 
226 

Audion, 529 
Autotransformer, 453 
Average value of alternating e.m.f., 
496 

Avogadro’s number, 420 
B 

Back e.m.fs. in motors, 470 
Balance, common, 68 
Ball and jet, 136 
Balloons, 113 
Balmer formula, 699 
Bar magnet, field of, 340 
Barometer aneroid, 117 
cistern, 117 
siphon, 117 

Barrier-layer photoelectric cell, 658 
Batteries, primary, 422 
Beams, bending of, 146 
stiffness of, 145 
strength of, 145 
stresses in, 147 
Beats, 213 

Bellows, hydrostatic, 98 
Bells, electric, 437 
Belts, driving by, 62 
Beryllium, 677 
Beta rays, properties of, 667 
Binoculars, prism, 594 
Black-body radiation, 651 
Blood, circulation of, 131 


Blood, spectrum of, 619 
Bohr’s theory, 701 
Boiling point, 283 

effect of pressure on, 284 
of solutions, 287 
of water, 283 
tables of, 768 
Box, starting, 471 
Boyle’s law, 121 
applications of, 123 
Brake horsepower, 333 
magnetic, 439 
Bridge, Wheatstone, 388 
Bright-line spectra, 613 
British thermal unit, 235 
Brownian movements, 259 
Brush potential, 399 
Buoyancy, of air, 114 
of liquids, 103 

C 

Calories, 235 
Calorimeter, 237 
continuous flow, 240 
electrical, 408 
Camera, photographic, 586 
Canal boat, forces on, 37 
Candle power, 546 
Capacitance, 483 
Capacity, electrical, 483 
of charged sphere, 483 
of condensers, in series, 489 
in parallel, 488 
of parallel plates, 485 
of spherical condenser, 485 
unit of, 483 
Capillaritj", 87 
illustrations, 89 
Capillary action in soils, 91 
Carnot cycle, 329 
Cathode rays, 511 
Cells in series, 397 
in parallel, 398 
Center of gravity, 42 
Centigrade scale, 231 
Centrifugal force, 172 
and weight, 177 
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Centrifugal force, governors, 175 
Centrifuge, 174 
Centripetal force, 172 
Charge of electricity, 349 
on an ion, 420 

Charged conductor, energy of, 360 
Charles’s law, 251 
Chemical action of radium, 673 
equivalent, 417 

Chlorophyll, absorption spectrum 
of, 621 

Chromatic aberration, 610 
Circular loop, magnetic field at 
center of, 367 
path, motion in, 170 
Circulation of the blood, 131 
Cloud chamber, 685 
Clouds, 295 

Clusters, globular star, 739 
Coefficient of friction, 59 
of mutual induction, 475 
of self-induction, 479 
Cohesion, 83 
in soils, 84 
Coil, induction, 449 
Collecting rings, 459 
Collision, elastic, 165 
inelastic, 164 
of molecules, 262 
Colloids, 82 
Color, 616 
blindness, 622 
vision, theory of, 621 
Combination of pulleys, 71 
of simple machines, 64 
Combustion, heat of, 239 
Comets, spectra of, 742 
Commutator, 459 
Components of force, 38 
Composition of forces, 34 
Compound microscope, 591 
Compressed air lift, 125 
Compressibility of gases, 121 
Compton effect, 728 
Concentric spheres, capacity of, 485 
Condensation of water vapor on 
ions, 515 


Condenser, action, 4Sl 
charging and (iischarging, 491 
energy stored in, 490 
Condensers, 4S1 
in parallel, 4SS 
in series, 4S9 
Conduction, thermal, 303 
coefficient of, 305, 754 
measurement of, 304 
Conductivity, electrical, 381 
electron theory of, 381 
relation to thermal, 385 
Conductors, 352 
in parallel, 394 
in series, 393 

Conservation of energy, 52 
of matter, 1 
of momentum, 163 
Continuous spectra, 610 
Convection in gases, 300 
in liquids, 300 
Convergence, 602 
Cooker, pressure, 285 
Cooking, expansion of gases in, 250 
Coolidge X-ray tube, 714 
Cooling by evaporation, 283 
Copper plating, 417 
Copper sulphate, electrolysis of, 415 
Corona, solar, 734 
Correction for buoyancy of air, 114 
Cosmic rays, 694 
intensity of showers, 696 
Coulomb, 369 
Couples, thermal, 409 
Crane, derrick, 35 
Cream separator, 174 
Critical angle, 571 
point, 289 

transition through, 29'* 
pressure, 290 
temperature, 290 
volume, 290 
Crystal structure, 720 
Crystalloids, 82 
Currents, electric, 362 
heating effect of, 403 
magnetic field due to, 365 
unit of, 366 
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Currents, energy stored up about a 
current, 479 

induced by currents, 442 
by moving magnets, 441 
by a revolving loop, 457 
Cycle, four-stroke, 322 
of magnetization, 435 
of steam engine, 331 
two-stroke, 323 
Cyclotron, 684 

D 

Damper, hot-water boiler, 67 
Dark-line spectra, 620 
Declination, magnetic, 342 
Defects of vision, 599 
Density, 4 

of solids heavier than water, 107 
lighter than water, 108 
of water, maximum, 248 
relation of, to specific gravity, 107 
surface, 355 
tables of, 766 
Derrick crane, 35 

Detection of aircraft by sound, 202 
Deviation by a prism, 569 
minimum, 570 
without dispersion, 608 
Deuterium, 688 
Deuteron, 688 
Dew, 295 
point, 296 
Dewar flask, 312 

Diamagnetic substances, 345, 437 
Dielectric constant, 484 
tables, 772 

Differential pulley, 72 
Diffraction, 631 
by circular aperture, 634 
by narrow slit, 634 
by narrow wire, 633 
by straight edge, 632 
grating, 635 
of X-rays, 717 
Diffusion of gases, 79 
of liquids, 80 

Dimmers, electrical light, 407 


Dip circle, 341 
magnetic, 342 
Direct-current dynamo, 459 
vision spectroscope, 609 
Discharge from hot wires, 525 
in gases at low pressures, 510 
oscillatory, 492 
Disintegration of nucleus, 682 
Disk, rotary inertia of, 156 
Dispersion, 608 
without deviation, 60S 
Distillation, 287 
Divergence, 602 
Doorbell transformer, 453 
Doppler effect, 214 
Double weighing, 69 
Draft in a stove, 301 
Drinking fountain, 123 
Drum armature, 461 
Dry cell, 423 

Dynamo, alternating current, 458 
compound-wound, 463 
direct current, 459 
efficiency of, 466 
series-wound, 462 
shunt-wound, 463 
Dyne, 24 

and gram, relation between, 25 
E 

Earth, age of, 670 
as a magnet, 341 
inductor, 446 
magnetic survey of, 343 
Earth's magnetic field, 341 
Echoes, 208 
Eclipse, annular, 545 
partial, 545 
total, 545 

Edison storage cell, 424 
Effect of wind on wave front, 196 
Effective value of alternating e.m. 

496 

Efficiency, of dynamos, 466 
of engines, 326 
of motors, 471 
Elastic limit, 144 
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Elasfeity in tissues and bones, 145 
modulus of, 142 _ 
of gases, 267 

Electric charge, unit of, 349 
field, 349 
force, law of, 348 

Electrical energy in heat units, 405 
fuses, 406 
light dimmers, 407 
resistances, 376 
Electricity, atmospheric, 360 
heating effect of, 403 
kinds of, 348 

Electrochemical equivalent, 418 
table of, 772 

Electrolysis of copper sulphate, 415 
laws of, 417 
of water, 416 
of water mains, 419 
Electrolytic conduction in solids, 421 
Electromagnet, 438 
Electromagnetic units, 751 
Electromotive force, from change of 
flux, 755 
standard of, 426 
Electron, 350 
charge on, 516 
mass of, 518 
pairs, 696 

wave length of, 729 
work of removing from the atom, 
707 

Electrons, velocity of, 507 
Electrophorus, 354 
Electroplating, 417 
Electroscope, 354 
Elevator, hydraulic, 99 
Energy, 2 

conservation of, 52 
kinetic, 53 
levels, 704 

of a charged conductor, 360 
of rotation, 156 
potential, 51 

stored about a current, 479 
in a condenser, 490 
Engines, gas, 322 
steam, 321 


Equations of angular motion, 152 
Equilibrium, conditions of, 41 
kinds of, 44 

Equivalent, chemical, 417 
electrochemical, 418 
Erg, 49 

Eutectic temperature, 277 
Evaporation, cooling, by, 283 
from leaves, 283 
from soils, 283 
Exchange of radiations, 310 
Expansion, 244 
coefficient of cubical, 248, 754 
gases in cooking, 250 
illustrations of, 246 
linear, 246, 754 
measurement of, 244 
of gases, 249 
of liquids, 247 
of water, 248 

while freezing, 274 
tables of, 770 
Eye, 598 
anatomy of, 598 


Fahrenheit scale, 231 
Falling bodies, 15 
Farad, 483 

Faraday’s laws of electrolysis, 417 
Farm light plant, 465 
Ferromagnetic substances, 344, 43t) 
Field, due to a bar magnet, 340 
glasses, 593 
Fire bellows, 124 

Fish, Archimedes’ principle applied 
to, 105 

Float valve, 105 

Floating bodies, stability of, 106 
ship, 105 
Flux density, 430 
magnetic, 430 

Focus of lens, principal, 575 
real, 575 
virtual, 575 

Focus of mirror, principal, 556 
virtual, 558 
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Fogs, 295 

Foods, energy value of, 241 
Foot-candle, 547 
Force, 21 

absolute units of, 24 
centripetal, 172 
gravitational units of, 24 
on wire in a magnetic field, 46S 
Forces, acting at right angle, result- 
ant of, 32 
between poles, 339 
component of force, 38 
magnetic lines of, 340 
moment of, 41 
pumps, 130 
units of, 749 
Formulae for lenses, 580 
for mirrors, 559 
Fraunhofer lines, 620 
Free path of molecules, 262 
Freezing mixtures, 277 
points, 272 

of solutions, 276 
tables, 769 

water, forces exerted by, 275 
Frequency, 188 
of stretched strings, 219 
Friction, 59 
angle, 62 
coefficient of, 59 
on inclined plane, 61 
rolling, 60 
tables of, 767 
Fuels, heat value of, 239 
Furnace, hot-water, 302 
hot-air, 250 
Fuses, 406 
Fusion, 272 
heat of, 273 

G 

Galvanometer, moving coil, 370 
Gamma rays, properties of, 667 
Gas, density of, 766 
law, the general, 254 
pressure and volume of, 121 


Gases, compressibility of, 121 
conductivity of, 504 
discharge in, at low pressures, 508 
elasticity of, 267 
ionization of, 504 
kinetic theory of, 259 
liquefaction of, 291 
specific heats of, 265 
Gasoline engine, radiator of, 303 
Generator, excitation of field of, 461 
losses in, 464 
Globular star clusters, 739 
Gold-leaf electroscope, 354 
Governors, centrifugal, 175 
Grade, 74 
Gram, 3 

Grating, diffraction, 635 
Gravitation, 27 
universal, 27 
variation of, 30 
Gravitational units, 749 
of force, 24 
of work, 48 

H 

Hand rule for motors, 469 
Harmonic motion, simple, 178 
Heart and lung sounds, 227 
Heat, engines, 321 
flow in rods, 306 
insulators, 304 
mechanical equivalent of, 317 
nature of, 317 
specific, 236 
transfer of, 300 
units of, 235 
values for fuels, 239 
Heating, by electricity, 403 
effect of radium, 627 
Height of rise in capillarity, 88 
Helium, 676 

High-tension ignition, 451 
Hookers law, 142 
Horn, electric, 439 
Horsepower, 50 
brake, 333 
indicated, 331 



IXDKX 


78 :^ 


Horsepower, of internal combustion 
engine, 322 
of steam engine, 321 
Hot wires, discharge from, o25 
Hot-air furnace, 250 
Hot-water boiler damper, 67 
furnace, 302 
tank, 301 

Household still, 288 
Humidity, absolute, 296 
importance of, 299 
measurement of, 297 
relative, 296 
Huygens’ principle, 631 
Hydraulic bellows, 98 
elevator, 99 
press, 101 
ram, 132 

Hydrogen atom, 675 
Hydrometer, 109 
Hygrometer, chemical, 298 
wet and dry bulb, 298 
Hysteresis, 435 

I 

Ice, contraction in melting, 274 
Ignition, high-tension, 451 
make and break, 451 
Illumination, intensity of, 546 
standards, 546 

Image and object, by mirrors, 556 
graphical construction of, 556 
size of, 561 
Impact, elastic, 165 
inelastic, 164 
ionization by, 509 
Impulse, 161 
Inclined plane, 73 
Index, of refraction of a prism, 570 
tables of, 774 
Indicator, 331 
card, 330 

Induced e.m.f., direction of, 444 
laws of, 443 
magnitude of, 445 
quantity of electricity from, 448 
Inductance, coefficient of, 755 


Inductance, mutual, 474 
Induction coil, 449 
electrostatic, 353 
magnetic, 346 
Inertia, 22 
rotary, 155 
Infra-red spectra, 611 
Insulators, electric, 352 
Intensity of sound, 201 
Interference, in thin films, 629 
of light, 625 
of sound waves, 212 
of water waves, 625 
Interferometer, 628 
Intermittent spring, 120 
Inverse square law, gravitational, 27 
of electric charges, 348 
of magnetic poles, 339 
Ion, charge on, 420 
Ionization, by flames, 507 
by impact, 509 
of gases, 505 

Ions, condensation of water vapor 
on, 517 

Iron, magnetic properties of, 434 
Isothermal change, 327 
curves for a gas, 121 
for a vapor, 289 
for carbon dioxide, 290 
Isotopes, 692 


Jackscrew, 75 

Jet, force exerted by, 133 

Joule, 49 

Joule’s law, 403 

Judgments, visiial, 602 


Kennelly-Heaviside layer, 537 
Kinetic energy, 57, 753 
of molecules, 267 
of rotation, 156 
theory of gases, 259 
Kirchhoff’s laws, 392 
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M 


Lactometer, 110 
Laplace^s law, 761 
Lantern, projection, 587 
Latent heart, of fusion, 273 
of vaporization, 281 
tables of, 770 
Lead storage cell, 423 
Leaves, evaporation from, 283 
Leclanche cell, 422 
Leiden jar, 481 
Length, units of, 3 
Lens, 575 

achromatic, 609 
focal length of, converging, 575 
diverging, 576 
formulae for, 580 
magnifying power, 580 
optical center, 578 
telephoto, 584 
Lenz’s law, 443 
Levers, 64 

of the first class, 66 
of the second class, 66 
of the third class, 67 
Light, nature of, 539 
sources of, 543 
velocity of, 539 
Lighthouse reflector, 573 
Lightning, 355 
Limits of elasticity, 144 
Lines of electric force, 349 
of magnetic force, 340 
Liquefaction of gases, 291 
Liquids, in communicating tubes, 
95 

Lithium, 677 
Longitudinal strain, 140 
vibrations, 168 
waves, 184 

Losses in a generator, 464 
Loudness, 197 
Lubricants, 61 
Lumen, 547 
Luminescence, 623 


Machines, 64 
efficiency, 60 

mechanical advantage of, 65 
Magnetic brake, 438 
circuit} 433 

declination, 342 
dip, 342 
field, 339 

at center of circular loop, 368 
due to a straight conductor, 36t) 
in a solenoid, 369 
strength of, 340 
flux, 430 

lines of force, 340 
permeability, 430 
rotation of plane of polarization, 
649 

separator, 439 
survey of earth, 343 
Magnetism, action on light, 649 
electron theory of, 346 
molecular theory of, 345 
terrestrial, 341 

Magnetization, intensity of, 433 
Magneto, 465 
Magnetomotive force, 431 
Magnets, natural, 338 
Magnifying power of a lens, 580 
of a microscope, 591 
of a telescope, 592 
Magnitude of induced e.m.f., 445 
Make and break ignition, 451 
Mass and -weight, 25 
center of, 42 
of an electron, 518 
units of, 3 
Matter, 1 
conservation of, 2 
molecular theor}?* of, 78 
states of, 78 

Measurement of energy value of 
foods, 241 

Measuring pumps, 131 
Mechanical advantage, 65 
equivalent of heat, 317 
Megaphone, 202 
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Melting points, 272 

effect of pressure on, 275 
tables of, 769 
Meter, 3 

Method of mixtures, 237 
Microfarad, 483 
Microscope, compound, 590 
simple, 589 

Minimum deviation, 570 
Mirror, image in plane, 553 
parabolic, 561 
reflection by, 553 
spherical, 555 
Modulus of elasticity, 142 
Molecular attractions in gases, 269 
magnitudes, 262 
motions in gases, 262 
spectra, 711 

theory of magnetism, 345 
velocities in gases, 260 
Moment of a force, 41 
of inertia, 155 
Momentum, 22 
angular, 162 
conservation of, 163 
linear, 161 

Monomolecular films, 261 
Moon, centrifugal force on tides, 176 
Motion, in a circular path, 170 
Newton’s laws of, 21 
of rotation, 6 
simple harmonic, 178 
translation, 6 
types of, 6 

Motions, periodic, 179 
Motors, efficiency of, 471 
types of, 47C 

Moving coil galvanometer. 370 
fluid, pressure in, 96 
Mutual inductance, 474 
induction, coefficient of, 475 

N 

Nature of heat, 317 
of light, 529 
of sound, 194 
Nebulae, 739 


Neutron, 6S7 

Newton’s laws of mothui, 21, 753 

Nickel plating, 417 

Nicol prism, 645 

Nodes, 191 

Novae, 741 

NiK'leus, protons and itcutrons in, 
692 

structure of, 692 
O 

Ohm, 377 
Ohm’s law, 377 
Opera-glasses, 593 
Optical center, 578 
instruments, 586 
pyrometer, 596 
Organ pipes, closed, 220 
open, 221 

Oscillatory discharge, 492 
Oscillograph, cathode ray, 513 
Osmosis, 81 
Osmotic pressure, 83 
illustrations of, in foods, 82 
laws of, $3 
Overtones, 220 


Packing effect, 693 
Pans, vacuum, 286 
Parabolic mirror, 561 
Parallel plates, capacity of, 481 
Parallelogram of forces, 34 
Paramagnetic substances, 344, 436 
Pascal’s principle, 97 
Path of a projectile, 16 
Peltier effect, 411 
Pendulum, simple, 180 
Periodic motions, 179 
Periscope, 598 
Permeability, magnetic, 430 
Phonodeik, 228 
Phonograph, 228 
Photoelectric cells, 657 
effect, 654 

Photoelectrons, velocity of, 655 
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Photographic camera, 586 
Photography of sound waves, 198 
Photometer, grease-spot, 549 
Liimmer-Brodhun, 550 
Pictures, transmission of, over tele- 
phone lines, 659 
Piezoelectricity, 362 
Pipe, closed organ, 220 
open organ, 221 
Pitch and frequency, 197 
Planck’s constant, 656 
Plane mirror, image in, 553 
of polarization, 644 
rotation of, 646 
Polarimeter, 647 
Polarization, 640 
by reflection, 643 
magnetic rotation of, 649 
rotation of plane of, 645 
specific rotation, 647 
Polarized light, plane of, 644 
Polaroids, 642 
Poles, magnetic, 338 
forces between, 339 
Positive rays, 521 
Positron, 686 

Post-office box bridge, 390 
Potential, at a point, 359 
brush, 399 
difference of, 358 
unit of, 358 
Potentiometer, 426 
Pound, 4 
Poundal, 24 
Power, 49, 753 

in alternating-current circuits, 501 
units of, 750 

Practical electrical units, 751 
unit of capacity, 483 
Processional motion, 177 
Pressure, and temperatures of a gas, 
251 

effect on melting point, 275 

in a liquid, 96 

in a moving fluid, 134 

of a gas, on kinetic theory, 263 

of atmosphere, 118 

osmotic, 83 


Primary batteries, 422 
Principle of moments, 42 
Prism, achromatic, 607 
binoculars, 594 
index of refraction of, 570 
minimum deviation, 569 
Nicol, 645 

refraction through, 569 
Production of speech sounds, 224 
Projectile, path of, 16 
Projection lantern, 587 
Prominence, solar, 733 
Propagation of light, 543 
Proton, 676 
Pulleys, 70 

angular velocities of, 151 
Pump, Langmuir, 138 
Pumps, force, 130 
lift, 129 
measuring, 131 
P 3 Wometer, optical, 596 

Q 

Quality, 198 

Quantity, of electricity from induced 
e.m.f., 448 
scalar, 8 
vector, 9 

R 

Radian, 149 

Radiating surface, character of, 310 
Radiation, absorption of, 310 
at different temperatures, 653 
black-body, 651 
exchange of, 310 
Radiations, nature of, 662 
Radiator of gasoline engine, 303 
Radio, 536 

Radioactive substances, 662 
Radioactivity, 662 
artificial, 691 

Radium, chemical action of, 673 
heating effect of, 672 
properties of, 669 
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Ram, hydraulic, 132 
Ratio of charge to mass, 519 
Rays, alpha, 663 
beta, 667 
cathode, 511 
extraordinary, 645 
gamma, 667 
ordinary, 645 
X-, 714 

Recording wattmeter, 472 
Rectifier, tungar, 529 
Rectilinear motion, equations of, 14 
propagation of light, 543 
Reflection, by concave surface, 555 
by glass prism, 572 
convex surface, 558 
laws of, 553 
of sound, 204 
of wa^'es in strings, 190 
selective, 555 
total, 572 

Reflectors, lighthouse, 573 
parabolic, 562 

Refraction, at a spherical surface, 575 
at two spherical surfaces, 576 
atmospheric, 569 
by a prism, 569 
double, 644 
in a glass plate, 567' 
index of, 565 
laws of, 565 
of sound waves, 206 
Refractive index, 565 
Refrigerating machines, 334 
Refrigerator, 276 

Relation, between dyne and gram, 25 
of torque and angular accelera- 
tion, 154 
Reluctance, 432 
Representation of a force, 32 
Resistance, boxes, 378 
electrical, 376 
in parallel, 394 
in series, 393 
magnetic, 432 

measurement with voltmeter and 
ammeter, 386 
standard, 378 


Resistance, tables, 773 
temperature coefficient of, 380 
thermometer, 385 
unit of, 377 
Resistmty, 379 
Resolution of forces, 38 
Resonance in series circuits, 500 
Resultant, of forces, 32 

of forces acting at right angles, 32 
of more than two forces, 35 
Retina, electrical response of, 604 
Reverberation, 211 
Right-hand rule, 445 
Rings, collecting, 459 
Rod, rotary inertia of, 156 
Roentgen rays, 714 
Rolhng friction, 59 
.Rotary inertia, 155 
Rotation, kinetic energy of, 156 
of two spheres, 176 
specific, 647 

Rutherford-Bohr atomic model, 674 
Rydberg constant, 704 
« formula, 700 


Saceharimeter, 647 
Saturated vapor, 279 
Scalar quantity, 8 
Screws, 75 
Second, 4 

Self-inductance, 476 
coefficient of, 755 
Sensitivity of human eye, 603 
Separation of light by a prism, 606 
Separator, cream, 174 
magnetic, 439 
Series in spectra, 698 
Series-wound dynamo, 462 
Sextant, 595 
Shadows, 544 
Shearing stress, 142 
strain, 142 
Shells, electrons, 680 
Short-sightedness, 600 
Showers, intensity of, 696 
Shunts, 396 
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Shunt-wound dynamo, 463 
Simple harmonic motion, 17S 
microscope, 589 
pendulum, 180 
Sine curve of e.m.fs., 458 
Siphon, 119 
Siren, 197 

Slope, influence on temperature of 
soils, 314 

Smoke, rise of, in chimney, 249 
Solar constant, 313 
corona, 734 
prominences, 733 
variation of, 314 
radiation, sources of, 315 
Solenoid, ring, 369 
straight, 369 
Solutions, 80 
boiling points of, 287 
freezing points of, 277 
illustrations of, 81 
Sound, absorption of, 208 
heart and lung, 227 
intensity of, 201 
inverse square law, 187 
location of, under water, 203 
nature of, 194 

passage of, from one medium to 
another, 210 
ranging, 202 
reflection of, 204 
transmission of, 210 
velocity of, 194 
in a room, 207 
interference of, 212 
photography of, 198 
refraction of, 205 
Speaking tube, 201 
Specific gravity, 107 
bottle, 108 
heat, 236 

at constant pressure, 265 
at constant volume, 265 
effect of temperature on, 238 * 
of gases, 265 
tables of, 770 
heats of solids, 238 
inductive capacity, 484 


Specific gravity, resistance, 379 
Spectra, absorption, 619 
of comets, 742 
continuous, 610 
Fraunhofer, 620 
infra-red, 611 
molecular, 711 
of ionized atoms, 708 
series in, 698 
solar, 619 

types of stellar, 735 
ultra-violet, 611 
Spectrometer, 606 
Spectroscope, 609 
Spectrum analysis, 615 
Speech sounds, 223 

distribution of energy in, 224 
production of, 224 
Speed, 7 

constant and variable, 7 
Speed of sound in warm and cold 
air, 195 
Sprayer, 137 
Spring, intermittent, 120 
Stability of a body, 45 
Standard cells, 426 
resistances, 378 
Standing waves, 190 
Stark effect, 710 
Stars, interior of, 743 
Starting box, 471 
States of matter, 78 
Static friction, 58 
Steam engine, 321 
governor, 175 
properties, 769 
Stefan^s law, 651 
Stellar energy, sources of, 744 
spectra, types of, 735 
Stiffness and strength of beams, 145 
Still, household, 288 
Storage cells, 423 
Strain, 140 
longitudinal, 140 
volumetric, 141 

Strength of a magnetic field, 339 
Stress, 140 
shearing, tensile, 140 
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Stretched strings, waves in, 184 
String, waves in, 184 
Structure of atom, 674 
Subject matter of physics, 1 
Sublimation, 288 
Sun spots, 735 
Superconductivity, 383 
Supercooling, 274 
Surface density, 355 
tension, 85 
energy, 86 
tables, 768 

Suspended coil galvanometer, 370 
Systems of units, 2 


Telegraphy, wireless, 535 
Telephone, 454 
transmitter, 454 
Telephony, radio, 536 
Telescope, astronomical, 592 
Temperature, 230 
absolute, 253 

of soils, influence of slope on, 315 
radiations at different, 651 
scales, 231 

Terrestrial magnetism, 341 
Thermal couples, 409 
Thermopile, 410 
Thermionic valve, 527 
Thermodynamics, first law of, 319 
second law of, 320 
Thermometer, air, 258 
clinical, 233 

maximum and minimuin, 232 
Thermos bottle, 312 
Thomson effect, 412 
Thomson's atomic model, 674 
Thoriated filament, 526 
Tides, 30 
Time, units of, 4 

Tissues and bones, elasticity in, 145 
Torque, 41 

Torricelli’s experiment, 135 
theorem, 135 
Total reflection, 572 
Transference of heat, 300 


Transformer, 451 

Translation and rotation, energy of, 
158 

Transmission of pictures over tele- 
phone lines, 659 
Transmitter, telephone, 454 
Transverse and longitudinal waves, 
184 

vibrations, 168 

Trigonometrical formulae, 747 
tables, 774 
Triple point, 289 
Trumpet, ear, 201 
Tungar rectifier, 528 
Tuning fork, 193 
Types, of motion, 6 
of motors, 470 

U 

Ultra-microscope, 596 
Ultra-violet spectra, 611 
Unequal expansion of solids, 244 
Uniform circular motion, accelera- 
tion in, 170 
Units, absolute, 749 
electromagnetic, 751 
of length, 3 
of mass, 3 
of volume, 4 
poles, 339 
practical, 751 
systems of, 3 
time, 4 

Universal gravitation, 27 
Uranium, disintegration of, 668 


Vacuum pans, 286 
Valve, theriuionic, 527 
Van der Graaff, 683 
Vapor pressure, 280 
tables, 769 
saturated, 279 
Vaporization, heat of, 281 
Variation of solar radiation, 315 
Vector ciuantity, 8 
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Vectors, addition ot, 9 
Velocity, 8 • . 

angular, 149 
linear, 8, 753 
of electrons, 507 
of light, 539 
of sound, 188 
of waves, 187 
Ventilating sj^stem, 302 
Ventilation, 250 
Vibration, frequency of, 189 
in pipes, 221 
in strings, 218 
types of, 169 
Viscosity, 127 
Vise, 76 

Vision, defects of, 599 
Visual judgments, 602 
Volt, 374 
Voltmeter, 372 
Volume elasticity, 144 
Volumetric strain, 141 

W 

Warm and cold air, speed of sound 
in, 195 

Water, density of, 248 
electrolysis of, 416 
equivalent, 236 
vapor in air, 295 
waves, 185 
Water-motors, 131 
Watt, 50 

Wattmeter, recording, 472 
Wave, 186 

effect of wind on, 196 
in stretched strings, 187 
length, frequency, velocity, 189 
longitudinal, 184 
motion, 183 
standing, 190 
velocity of, 187 
Wedge, 74 

Weighing, double, 69 
Weight and centrifugal force, 177 
and mass, 25 
Weston cell, 426 


Wet and dry bulb hygrometer, 298 
Wheatstone bridge, 388 
WTieel and axle, 70 
VTieelbarrow, 67 
Wheels, angular velocities of, 152 
Wiedmann-Franz's law, 385 
Wien's displacement law, 652 
Wind, effect of, on wave front, 196 
Window^ glass, prismatic, 573 
Winds, trade, 301 

Wire in magnetic field, force on, 468 
W^ireless telegraphy, 535 
Work, definition of, 48, 753 
diagrams of, 324 
done by a gas, 324 
from heat, 319 
gravitational units, 48 
of removing electron, 707 
positive, negative work, 325 
units of, 749 

X 

X-ray energy levels, 726 
spectrum, continuous, 722 
X-rays, absorption of, 724 
characteristic, 723 
diffraction of, 717 
industrial application of, 716 
intensities of, 715 
medical application of, 716 
production of, 714 
spectra, 723 

explanation of, 727 
spectrometer, 719 


Young-Helmholtz theory of color 
vision, 621 

Young's interference experiment, 
626 

modulus, 143 

Z 

Zeeman effect, 709 
Zero, absolute, 253 
of temperature, 230 




